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Although much soil fertility research has dealt with the availability and 
efficiency of the separate ingredients of fertilizers as well as of mixtures, the 
problem of actual injury to plants resulting from the use of fertilizers has also 
demanded attention. 

In the early development of the fertilizer industry the use of light applica- 
tions of low grade, low^ analysis materials required that the major research effort 
be exerted on the former of these two problems, whereas the recent trend to- 
ward more liberal fertilization, and the perfection of chemical processes for the 
production of fertilizer ingredients of greater solubility and availability has 
made the latter jiroblem more acute. This is particularly true as it concerns 
sandy soil types of low absorptive capacity. 

Undoubtedly, plasmolysis of plant root tissues is responsible for some of the 
occurrences of injury consequent to the use of soluble salts as fertilizers, but 
numerous observations point to other principles governing fertilizer toxicity. 
As Beaumont (2) points out, the soluble fertilizer materials more highly concen- 
trated in respect to plant nutrients would be less likely to cause injury 
to plants through fJasmolysis than w^ould the cruder salts or those of lower 
analysis furnishing the same quantity of nutrients. But the same writer (1) 
reports a reduction in stand of sweet corn and potatoes following the use of high 
analysis fertilizers in comparison with ordinary materials furnishing equal 
quantities of nitrogen, phosphorus, and potassium. It was observed, in this 
case, that the injury, which w^as limited to the young plants, might be avoided 
by thoroughly mixing the fertilizer with the soil. The work of Skinner, Wil- 
liams and Mann (14) has shown a similar injury to cotton seedlings following the 
use of concentrated fertilizers on Coastal Plain sandy soils, and Skinner (13) 
has summarized some other observations on this effect of high analysis ma- 
terials. 

Increasing the concentration of nitrogen, phosphorus, and potassium in 
fertilizers tends to eliminate other elements, and the practicable possibilities in 
this direction may not be exceeded by mixtures w^here potassium and ammo- 
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nium are the only cations present. Under such conditions there is the possibility 
that not only plasmolysis but also the physiological toxicity of these ioas may 
be a factor in fertilizer injury. This type of toxicity, although extensively 
studied in solution cultures and in relation to alkali soil problems has apparently 
received little consideration as regards its applicability to fertilization practices. 

The physiological toxicity of solutions of single salts is evidenced by ab- 
normal changes in the permeability of the plant cells, or in extreme cases, by 
disintegration of the tissues. This condition of increased permeability as well 
as the toxic effects of the solutions of single salts is averted or antagonized by 
certain salt combinations. In general it has been found that the greatest 
degree of antagonism exists between salts with monovalent and those with 
bivalent cations, especially calcium. According to Osterhout (8) this antag- 
onistic effect is due to the presence in the cell of a compound regulating permea- 
bility. Toxic and antagonistic salts affect permeability as they accelerate or 
retard the formation or decomposition of this compound. 

Raber (9) explains the phenomenon on the basis of the effect of the electrical 
charge of the salt on the protoplasm of the cell. The protoplasm being nega- 
tively charged, highly positive salts, such as those with bivalent cations, 
coagulate the protoplasm and thereby decrease permeability, whereas the less 
positive salts, as typified by those with monovalent cations, increase permea- 
bility. Raber *s hypothesis, by taking into consideration the electrical jirop- 
erties of the anion as well as the cation, provides an explanation for the varia- 
tion in the effects of different salts with a common base. The balancing 
of these electrical effects so as to produce no abnomality in the permeability 
of the cell is considered the basis of antagonism. 

Another theory, that of Hansteen-Cranner (5), is based on evidence of the 
effect of solutions on the lipoid and pectic materials w'hich govern the peamea- 
bility of the cell walls. Accofding to this theory the toxic action of the alkalis 
is due to the dispersion of these components of the cell wall whereas the antag- 
onistic effect of calcum ions results from the coagulative effect of that element. 

On strictly thoretical grounds, therefore, the use of fertilizers containing 
only potassum and ammonium as cations involves the risk of injury to plants. 
In many cases the rapid absorption of these bases by the .soil or an abundant 
supply of soil calcium would insure safety in the use of such fertilizers, but for 
soils lacking these features Uie inclusion of a salt of calcium in the formula 
might result in a more satisfactory plant response. 

Another possible cause of injury to seedling plants may lie in the use of nitro- 
genous materials easily decomposable in the soil into free ammonia. 

Sand cultures containing 10 p.p.m. of nitrogen as free ammonia were found 
by Russell and Petherbridge (11) to regard the germination of turnip seed 
whereas with 100 p.p.m. 'of nitrogen no seed germinated. Since the sand con- 
tained 16.7 per cent of moisture it appears that 0.006 per cent of nitrogen as 
free ammonia is injurious and that 0.06 per cent is fatal. 

It is certain, however, that free ammonia would be promptly converted to the 
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carbonate in any soil; therefore all evidence of the toxicity of free ammonia is 
in support of the observation of Darwin (3), as quoted by Ehrenberg (4), that 
ammonium carbonate is injurious to plants. 

The possibility of the application of these facts to some concentrated ferti- 
lizer problems has been studied by attempting to produce an injury from the 
use of various materials and to test methods of control based on the foregoing 
h> 7)0 theses. 


EXPERIMENTAL 

Of the many possible formulas representative of concentrated fertilizers, a 
mixture of diammonium phosphate, potassium nitrate, and potassium chloride 
in amounts supplying nitrogen, phosphoric acid, and potash in a 1:2:1 ratio 
was arbitrarily chosen as representing a practical commercial formula. 
Ordinary C. P. chemicals were used, being reground when necessary to per- 
mit uniform distribution. 

A very incoherent Norfolk sand which is being successfully farmed was 
taken for pot culture experiments and cotton seedlings w^re used as test plants. 
The following method of experimentation was used throughout the work: 

The soil was wetted to a degree that would insure the germination of the seed without being 
too wet to be handled. Six and a half pounds of soil was placed into each of enough 1-gallon 
glazed earthenware pots to provide duplications of the projected treatments. The soil was 
moderately compacted and the surface levelled. 

On this surface, the dry and finely powdered freshly mixed fertilizer materials were dis- 
tributed as uniformly as possible. Two and a half pounds of soil was added and compacted. 
Fifteen seeds to each pot wore planted with uniform spacing. On this, one pound of soil was 
spread loosely, and the pots ^ve^e set to within an inch of their tops in sawdust on a green- 
house f)cncli and covered with waterproof paper. When the seedlings appeared, the paper 
was removed and distilled water, if necessary, was added uniformly. 

As soon as the primary leaves had opened fully, usually in eight or nine days, the soil was 
washed out of the pots through a screen and the condition of the plants noted. Injury was 
recorded in those cases where the tap roots of the seedlings had rotted off at the plane of 
fertilize! application. There was no evidence that germination was in any way affected by 
the treatments and the percentage of injury is computed from the number of plants having 
roots extending to or through the fertilizer application. 

Toxicity of fertilizer ingredients 

The toxicity of the complete fertilizer and of each ingredient and the antag- 
onistic effects of supplementary treatments were tested in duplicate pot experi- 
ments. 

One and one-half grams to each pot of a mixture containing 0.98 gm. of 
diammonium phosphate, 0.40 gm. of potassium nitrate, and 0.12 gm. of potas- 
sium chloride was used as the basal complete fertilizer. This was approxi- 
mately equal to a field rate of application of 96 pounds an acre in the drill, of a 
fertilizer analyzing 17,5 per cent of nitrogen, 35.0 per cent of phosphoric acid, 
and 1 7.5 per cent of potash. 

At this rate 0.02 of the gram-atomic weight of the combined cations was 
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supplied to each pot, and each ingredient was tested separately as to toxicity and 
response to supplementary treatments at the same equivalent concentration as 
that of the whole formula. Thus, the separate ingredients were used in the 
following amounts for each pot; diammonium phosphate 1.34 gm., potassium 
nitrate 2.05 gm., and potassium chloride 1.51 gm. 

Supplementary treatments were added in amounts equivalent to one-fifth 
of the cation concentration of the fertilizer mixture as follow^s: 


Na2S04 

SM. 

28 

35 

CaS04 -21120 

AIgS04-71l20 

gm. 

69 

99 

NaCl 

23 

CaClj- 21120 

59 

KCl 

30 

MgCl2-6HjO 

81 


The rate of application of the supplementary treatments was chosen on the 
basis of observations made in preliminary work on the problem. It does not 
represent any optimum ratio but only an amount that had been found to estab- 
lish the effectiveness of the material in controlling toxicity. Differences in 
solubility and in degrees of ionization of the materials in solution as well as of 
absorption by the soil would modify considerably the relative concentration of 
ions to which the seedling plants were exposed. Such differences aj)])ear un- 
avoidable and probably do not invalidate the results. 

The plan of the experiment and the results are given in table 1. 

The data of table 1 demonstrate very strikingly the fact that the complete 
mixture is toxic to cotton seedlings and that the toxicity is reduced by llic a« Idi- 
tion of calcium chloride but not by sodium or potassium chloride. Ap])arently 
magnesium chloride is not quite so efficient in this rcsj)ect as is the calcium salt 
but on account of the high degree of variability of the results from duplicate 
pots minor differences in percentages of injury are of questionable significance. 
The t}"pe of injury and degree of control arc illustrated in plate 1, showing the 
seedlings from duplicate pots on either side of the reference number. None of 
the supplementary treatments was injurious at the rates of apfdicalion used. 

With the diammonium phosphate, injury was evidenced by the failure of 
any roots to penetrate below the plane of fertilization. 'Fhe remedial effect of 
magnesium salts was almost negligible and that of the calcium salts was dis- 
tinctly less than when used with the complete mixture. A reasonable explan- 
ation of this difference may be found in the fact that the concentration of diam- 
monium phosphate in the mixed fertilizer was less than that of the same compo- 
nent used alone, whereas the concentration of the sup])lcmcntary treatment 
was the same for both. 

Potassium nitrate was moderately injurious alone and with all supplementary 
treatments; there was no conclusive evidence of an antagonism .similar to that 
found with the diammoniujn phosphate. I'otassium chloride was non-toxic 
alone and in all mixtures. 

The effectiveness of the calcium and magnesium salts in correcting such 
toxicity might be acceptable as evidence of simple antagonism of the ammoii- 
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TABLE 1 

Injurious effect of a concentrated fertilizer mixture and of the separate ingredients 


TREATMENT 

EERriLlZATlON 

SUPPLEMENT 

NUMBER 

OF 

SEEDLINGS 

INJURED 




SEEDLINGS 

l*fr pot 

Average 





per ctnt 

per cent 

1 

Complete 

None 1 

10 

15 

100 

100 

1 

100 

2 

Complete 

Sodium chloride | 

13 

14 

100 

100 

I 

i ... 

100 

3 

Complete 

Potassium chloride ( 

15 

13 

100 

100 

100 

4 

Complete 

Calcium chloride | 

13 

15 

16 

13 

15 

5 

Complete 

Magnesium chloride | 

13 

14 

38 

29 

34 

6 

None 

None 1 

13 

13 

0 

0 

] 

0 

7 

None 

Sodium sulfate ( 

13 

10 

0 

0 

0 

8 

None 

Potassium sulfate | 

12 

13 

0 

0 

0 

9 

None 

Sodium chloride | 

12 

13 

0 

0 

0 

10 

None 

Potassium chloride | 

14 

11 

0 

0 

0 

11 

None 

f 

Calcium sulfate | 

12 

11 

0 

0 

0 

12 

None 

Magnesium sulfate | 

12 

13 

0 

0 

0 

13 

None 

Calcium chloride ( 

14 

12 

0 

0 

0 

14 

None 

^lagnesium chloride | 

13 

13 

0 

0 

0 

15 

Diammonium phosphate 

None 1 

13 

12 

100 

100 

100 



10 


L. G. WILLIS AND J. R. PILAND 


TABLE t--CorUinued 


TKEATMENT 

KUICBES 

FESTXUSATION 

SUPnjUISMT 


NmiBEa 

or 

8BEDI1N08 

INJVBEO 




SEEDLINGS 

Per pot 

Average 

16 

Diammonium phosphate 

Sodium sulfate 

{ 


Percent 

100 

100 


17 

Diammonium phosphate 

Potassium sulfate 

{ 


100 

100 

100 

18 

Diammonium phosphate 

Sodium chloride 

{ 

14 

13 

100 

100 

100 

19 

Diammonium phosphate 

Potassium chloride 

{ 

14 

14 

100 

100 

100 

20 

Diammonium phosphate 

Calcium sulfate 

{ 

13 

10 

70 

50 

60 

21 

Diammonium phosphate 

Magnesium sulfate 

{ 

12 

11 

100 
75 1 

88 

22 

Diammonium phosphate 

Calcium chloride 

{ 

15 

10 

60 

80 

1 

70 

23 

Diammonium phosphate 

Magnesium chloride 

{ 

12 

13 

100 

1 

88 

24 

Potassium nitrate 

None 

{ 

13 

14 

16 

7 

12 

25 

Potassium nitrate 

Sodium sulfate 

{ 

B 

29 

16 

23 

26 

Potassium nitrate 

Potassium sulfate 

{ 

n 

33 

31 

32 

27 

Potassium nitrate 

Sodium chloride 

{ 

w 

9 

33 

21 

28 

Potassium nitrate 

Potassium chloride 

{ 

13 

15 


42 

29 

Potassium nitrate 

Calcium sulfate 

( 

13 

15 


4 

30 

Potassium nitrate 

Magnesium sulfate 

{ 

12 

13 

25 

16 

21 

31 

Potassium nitrate 

Calcium chloride 

{ 

11 

14 

9 

43 

26 
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TABLE I’-Concludtd 


TIEATIIEMT 

7E1TILZZATI01V 

SUFPLBUENT 

MUMBEB 

or 

SEEDLINGS 

INJUEED 




SEEDLINGS 



32 

Potassium nitrate 

Magnesium chloride | 

10 

12 

Percent 

40 

33 

percent 

37 

33 

1 

i 

Potassium chloride 

None 1 

12 

12 

0 

0 

0 

34 

Potassium chloride 

Sodium sulfate | 

12 

12 

0 

0 

0 

35 

Potassium chloride 

Potassium sulfate | 

12 

13 

0 

0 

0 

36 

Potassium chloride 

Sodium chloride | 

12 

12 

0 

0 

0 

37 

Potassium chloride 

Calcium sulfate | 

11 

12 

0 

0 

0 

38 

Potassium chloride 

Magnesium sulfate | 

14 

13 

0 

0 

i 

I 

0 

39 

Potassium chloride 

Calcium chloride | 

12 

10 

0 

0 

1 

0 

40 

Potassium chloride 

Magnesium chloride | 

12 

14 

8 

21 

15 


ium ion if there were no alternate hypotheses suggested by the results of other 
investigations. 

According to Ross, Merz, and Jacob (10), a 1/10 molecular solution of 
diammonium phosphate has a pH of 8.0 indicating an appreciable degree of 
hydrolysis with the formation of free ammonia. This is supported by the 
work of Warren (15), which shows that solid diammonium phosphate has an 
ammonia vapor pressure of 1.4 mm. at 80°C. The possibility of toxic concen- 
trations of free ammonia being dissociated from the diammonium phosphate in 
soils of low colloid content is therefore not remote. 

On the basis of this h 3 ^othesis, it is possible that the protective effect of the 
added calcium salt might have resulted from a reaction with ammonia, which 
would be converted to the carbonate by the soil atmosphere, by which the 
calcium would be precipitated as carbonate and the ammonia remain in solu- 
tion as the sulfate. 

Shive (12) has reported moreover that the phosphate ion is toxic and there 
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are no good grounds for disregarding the possibility that the beneficial effect of 
calcium salts may be due to the formation of a relatively insoluble calcium 
phosphate by reaction with the diammonium phosphate. 

As a further complication there is the possibility suggested by the work of 
Kahlenberg and True (7) and of Hoagland (6) that the hydroxyl ions may be the 
toxic component. 

Toxicity of ammonium salts 

In an effort to eliminate as many of these hypotheses as possible, the first 
step was to determine the toxicity of other salts of ammonia by supplying to 
each pot equivalent amounts of ammonium from all sources. In this and all 
subsequent series of pots the basal rate of application was 1 gm. of diammonium 
phosphate, and the amount of calcium salt used as a supplementary treatment 
was correspondingly reduced to 0.51 gm. of calcium sulfate or its equivalent. 

From the results in table 2 it is distinctly evident that the ammonium ion is 
not specifically toxic under the conditions of these experiments, but the injury 
with the monoammonium phosphate rather supports the idea that the phos- 
phate ion or the ammonium combined as phosphate may be moderately toxic. 
The severity, however, is very much less than that experienced with the diam- 
monium phosphate and it may be that doubling the rate of application of the 
phosphate ion to maintain the ammonium concentration constant has in this 
case aggravated a cause of toxicity of minor importance. This assumi)tion is 
supported by the observation that, with the corrective effect of calcium sulfate, 
the diammonium phosphate was the less injurious. 

The toxicUy of phosphates 

If the injury from the diammonium phosphate were due to the toxicity of the 
phosphate ion and the remedial effect of calcium salts were a result of decrease 
in tlie phosphate-ion concentration, no benefit should be noted from the use 
of calcium phosphate as a supplementary treatment. The result of a test of 
monocalcium phosphate in this capacity is given in table 3, calcium sulfate 
being included for comparison. Both calcium salts were used in chemically 
equivalent amounts. 

Although the calcium phosphate is not so efficient a corrective of toxicity as is 
the sulfate it did produce a distinct favorable response. It is obvious from this 
result that the remedial effect of the calcium salt cannot be due to a reduction 
of the concentration of toxic phosphate ions and, by inference, it appears 
doubtful that the toxicity of diamraonium phosphate can be due entirely to the 
high concentration of phosphate. 

Some consideration has been given to the possibility that diammonium 
phosphate is toxic because of the liberation of free ammonia by reaction of the 
salt with the soil. This could be expectedif the phosphate ion were more rapidly 
absorbed than the ammonium ion. The failure of several attempts to show 
significant differences in the rates of absorption of these two ions does not, 
however, offer much support for such a h)q)othesis. 
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TABLE 2 

Toxicity of ammonium salts 


TftEATlCEMT 

MVMBEB 

VERmiZATXOtr 

SVPPUElfEHT 

NUicBEB or 

SEEDLINGS 

INJURY TO 
SEEDLINGS 






1 

Diammonium phosphate 

None 1 

9 

14 

Percent 

100 

100 

percent 

100 

2 

Diammonium phosphate 

Calcium sulfate | 

13 

15 

15 

27 

21 

3 

Monoammonium phosphate 

None 1 

13 

IS 

62 

62 

62 

4 

Monoammonium phosphate 

Calcium sulfate | 

13 

12 

54 

33 

44 

5 

Ammonium nitrate 

None 1 

11 

13 

0 

0 

0 

6 

Ammonium nitrate 

i 

Calcium sulfate | 

14 

10 

i 

0 

0 

0 

7 

Ammonium suliate 

None 1 

12 

13 

0 

0 

0 

8 

Ammonium sulfate 

Calcium sulfate | 

15 

14 

0 

0 

0 

9 

Ammonium chloride 

None 1 

11 

13 

0 

0 

0 

10 

Ammonium chloride 

Calcium sulfate | 

13 

14 

0 

0 

0 


TABLE 3 

Antagonism between diammonium phosphate and monocalcium phosphate 


TREAT- j 
IfENT 

FfUITXLlZATION 

SUPPLEMENT 

NUMBER 
OF SEED* 

SEEDLINGS 

INJURED 

NUMBER 



LINGS * 

Per pot 

Average 





per cent 

Percent 

1 

Diammonium phosphate 

None 1 

9 

14 

100 

100 

100 

2 

Diammonium phosphate 

Monocalcium phosphate | 

14 

13 

62 

62 

62 

3 

Diammonium phosphate 

Calcium sulfate | 

13 

15 

IS 

27 

21 
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Free ammonia as the toxic component 

The remaining hypotheses, that the hydroxyl ion or that free ammonia might 
be the toxic factors, were investigated through the use of calcium carbonate as 
a supplementary treatment at a rate equivalent to the applications of calcium 
sulfate. The carbonate should not greatly modify the hydroxyl-ion concentra- 
tion of the solution of diammonium phosphate nor would it neutralize any free 
ammonia. On the other hand, because of its comparative insolubility it might 
be ineffective or by the liberation of free ammonia it might increase the toxicity. 
To cover this latter contingency, the effect of calcium carbonate and calcium 
sulfate on the toxicity of ammonium hydroxide was also studied. Ammonium 
hydroxide was distributed in 10 ml. of solution at a rate equivalent to one-half 
of the total ammonium content of 1 gm. of diammonium phosphate. This 
ratio was adopted to provide as nearly as possible a quantity of free ammonia 
comparable with that of the hydrolyzable secondary ammonium radical of the 
diammonium phosphate. 

There are numerous limitations to such a comparison. The initial concen- 
tration of free ammonia added as hydroxide would be much greater than the 
equilibrium concentration of free ammonia derived from the diammonium 
phosphate. In contact with the soil, however, the concentration of free 
ammonia from the added hydroxide would rapidly be reduced by adsorption 
whereas that produced by the hydrolysis of the phosphate should be more 
nearly constant. Another indeterminate factor is the effect of carbonation 
of the free ammonia from both sources by contact with the soil atmosphere. 
The limitations imposed by these variable factors do not, however, entirely 
preclude a comparison of these two materials and the remedial effect of calcium 
compounds. 

The failure of the calcium carbonate to correct the injury from the diam- 
monium phosphate (table 4) does not controvert the fundamental property of 
calcium in this respect because of the possibility already suggested that the 
calcium carbonate might increase the concentration of free ammonia without 
correspondingly increasing the concentration of calcium available for antagon- 
ism. 

The similarity in the degree of injury from ammonium hydroxide and from 
dianunonium phosphate does not prove that the causes are qualitatively alike 
although the effectiveness of calcium sulfate as a corrective of the ammonium 
hydroxide toxicity gives strong support to that conclusion. The slight but 
probably significant decrease in the extent of injury from ammonium hydroxide 
when supplemented by calcium carbonate eliminates the probability that a re- 
duction in the concentration of hydroxyl ions was the sole cause of the pre- 
viously noted remedial effect of the calcium salts (plate 3). 

This result with calcium carbonate and ammonium hydroxide strongly indi- 
cates that the calcium has a direct physiological effect independent of any 
chemical reaction in the medium. There is the possibility however that the 
greater efficiency of the sulfate is not due entirely to a more intensive antagon- 
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ism but to an additive effect of a chemical reaction, probably the formation of 
the non-toxic ammonium sulfate. 

In practice, fertilization with diammonium phosphate or other materials pro- 
ductive of free ammonia may not be injurious on highly absorptive soils or when 
the fertilizer is applied long enough in advance of planting to provide for com- 
plete absorption. Under other conditions, the use of gypsum as a supplement 
may constitute an effective means of control. Ground limestone will probably 
not serve the same purpose. 

This type of fertilizer injury constitutes a problem only with germinating 
and seedling plants and it is probable that the ultimate effect on the crop would 
depend on the nature of the rooting systems of the plants fertilized. Taprooted 


TABLE 4 

The eject of calcium carbonate on free ammonia injury 


TIEATUENT 

NUMBES 

7EKT1LIZATI0N 

SUPPLEMENT 

KUMBEE or 
SEEDLINGS 

INJUEYTO 

SEEDLINGS 



Per pr>t 

Average 

1 

1 

Diammonium phosphate 

None 1 

15 

13 

Per cent 

100 

100 

Per cent 

100 

2 

Diammonium phosphate 

Calcium carbonate | 

9 

11 

90 

100 

95 

3 

Ammonium hydroxide 

None 1 

12 

14 

100 

93 

97 

4 

Ammonium hydroxide 

Calcium sulfate | 

11 

13 

36 

69 

51 

5 

Ammonium hydroxide 

Calcium carbonate | 

9 

14 

77 

78 

78 


plants would naturally be most subject to damage but this might be corrected 
by the later development of lateral roots. 

Although the method of use of the fertilizer would also govern the probability 
of injury it would seem best to correct as far as possible all of the toxic proper- 
ties that are recognized, leaving the placement of the fertilizer to control only 
the otherwise unavoidable causes of injury. 

SUMMARY 

In a pot culture experiment with a sandy soil of low absorptive capacity a 
mixture of C. P. diammonium phosphate, potassium nitrate, and potassium 
chloride was toxic to cotton seedlings. The cause of injury was related to some 
property of the diammonium phosphate. The rate of application of the mix- 
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ture was equivalent to 96 pounds to the acre, in the drill, of a fertilizer analyzing 
17.5 per cent nitrogen, 35 per cent phosphoric acid, and 17.5 per cent potash. 

The free ammonia formed by the hydrolysis of diammonium phosphate was 
apparently the most toxic component. 

No injury was observed from the use of ammonium as the sulfate, chloride, 
or nitrate, nor did the alkalinity of the diammonium phosphate appear to con- 
tribute to the injurious effect. 

Calcium salts were antagonistic to ammonia toxicity, calcium sulfate and 
chloride being more effective in this regard than calcium carbonate and phos- 
phate. Magnesium salts exhibited the same effect but they functioned less 
efficiently than did the corresponding calcium salts. 

The conversion of free ammonia to carbonate in the soil and its partial neu- 
tralization by reaction with the calcium salts could account for the greater part 
of the beneficial effect of the calcium salts but there was some evidence that 
physiological antagonism was also a factor. It is not impossible that both of 
these may contribute to the favorable result. 

Monoammonium phosphate alone produced a lesser degree of injury than did 
diammonium phosphate. This relation was reversed when both were supple- 
mented by admixture with calcium sulfate. 

The practical possibilities of gypsum as a supplement to all fertilizers or other 
soil treatments supplying free ammonia to soils in toxic concentrations is indi- 
cated by the work. 
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PLATE 1 

Type of Injury to Cotton Seedlings and Degree of Control as a Result of Coaiplete 
Fertilizer Supplemented with Other Treatments 

In this plate and in plates 2 and 3, all the germinated seedlings from each of duplicate pots 
are shown on either side of the reference number. The dark line indicates the plane of 
fertilizer application. 

Fig. 1. Complete fertilizer treatment no. 1 (table 1). 

tffn. 

Diammonium phosphate 0.98 

Potassium nitrate 0.40 

Potassium chloride 0.12 

Fig. 2. Complete fertilizer treatment no. 4 (table 1). 

jC«. 

Complete fertilizer 1 5 

Calcium chloride 0.59 
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PLATE 1 

Eki-m’t of Divmmomi \i I’nosi'ifvrL o\ (iRow rii or CVrrroN sn nn\o^ 
Iwn. 1. Di;iinnu)iiium i)li()sph;ilt' (1 i<?)) ) lic«ilnu'nj no 1 
lAo. 2. Diammoniuni plio^y^hatc tioalnuMit no S (table. ■>) 


J)iiunm(miuni ph()sy)liatc ..... 1 

C'alciiim ^ll]fal(‘ 0 

o. I >i.iinmoniuni f)h()sphatt tiealnuMit no 2 U.ibU 

Diammoniuni yiho^phate . . 1 

.Moiioralc mm ])lio^pl>.!l*' . G 



AMMONIUM CALflUAl liAI^ANCK 

1 WlLtJS AM) J. K. ril WU 


I'LM'K } 



Fl(.. 1 



Tu.. ■! 
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DLAI h o 

I'j-M'.cr ur (.'Men m S vi.is on Ammonium IIvokonidi, Inji in lo ( ‘«n i<»n Si i i;i inj. 
I'ji: 1. Ammonium hydioxidc (O.Id ?;m ) trcaimcnt no. d (table H 
J’lo. 2. Ammonium liydioxide treatment no A (tabled'. 


nt 

Ammonium hydroxide . . 0 1 > 

C.;al( ill m .sulfate . . ... d 51 

I’lG. .-1. Ammonium hydroxide treatment no .Salable 4) 

HI 

Ammonium hydi oxide ... . 0 l.> 

Calcium earljonate ... t) 2‘) 



ammonti^m c at/'h-m k 

I (. U tl I \\1) J R. VILVSII 


TLA'I’K .i 



Fu;. 

23 




THE NATURE OF THE BASE-EXCHANGE MATERIAL OF BEN- 
TONITE, SOILS, AND ZEOLITES, AS REVEALED BY CHEMICAL 
INVESTIGATION AND X-RAY ANALYSIS 

W. P. KELLEY, W. H. DORE and S. M. BROWN 
University of Cali/omia^ 

R«ceived tor publication April 14, 1930 

It is well established that the replacement of one cation by another produces 
significant changes in the chemical, physical, and plant nutritional proper- 
ties of the soil. Various investigators have recognized that soils vary in 
their content of replaceable cations. ‘^Base-exchange capacity'’ is the term 
employed by many soil investigators to denote the total content of all ex- 
changeable cations. Hissink’s T value represents a similar conception. 

J. T. Way concluded in 1852 that the base-exchange substances of soils are 
of two kinds, namely, organic and inorganic. The discussion presented in this 
paper is concerned entirely with the inorganic constituents. Way suggested 
that the inorganic base-exchange constituents of soils belong to the alumino 
silicates, and that they are analogous to the zeolites. This view is still held by 
many soil investigators both in Europe and in America. On the other hand, 
Van Bemmelen concluded more than 40 years ago that the replaceable bases 
are held by the soil not as ordinary chemical compounds, but that they are 
adsorbed on the surface of the colloidal particles of the soil. The adsorption 
hypothesis, with perhaps slight modification, is still held by many European 
investigators. The term “adsorption compounds” is often used to denote the 
base-exchange material of the soil. 

In connection with the study of the base-exchange property of soils, we have 
devoted considerable attention to a natural clay known as bentonite. It is now 
well established that this clay is remarkably similar to the soil in so far as its 
base-exchange property is concerned. By subjecting the crude clay material to 
the process of sedimentation, it is possible to separate the base-exchange sub- 
stance from most of the various impurities which are commonly associated 
with it. 

Many of the bentonitic clays are highly colloidal and possess pronounced 
base-exchange power. Ross and Shannon (5) have shown that the dominant 
and most important constituent of certain types of bentonite is the micaceous 
crystalline mineral, montomorillonite. As is well known by colloid chemists, 

^ Paper No. 218, University of California, Graduate School of Tropical Agriculture and 
Citrus Experiment Station, Riverside, California. Joint contribution from Laboratory of 
Agricultural Chemistry, Riverside, and Laboratory of Plant Nutrition, Berkeley. 
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the fact that a given material is crystalline does not preclude its being colloidal, 
for there are many known examples of crystalline materials which possess 
pronounced colloidal properties. As used by chemists the term ‘‘colloidal” 
refers primarily to the size of the particles and the fact that the particles will 
remain in suspension more or less indefinitely, and not to the shape, atomic 
structure, or the chemical composition of the particles. Obviously, if a 
colloidal material is crystalline, the individual crystals must necessarily be 
extremely small. Wherry (7) has suggested that the tabular crystals of 
bentonitic clays are microscopic in breadth but of colloidal thickness. 

As stated already the bentonitic clays possess pronounced base-exchange 
property. We have found, however, that the purified substances separated 
from the crude clays of different sources, differ both in their total content of 
replaceable bases and in the relative ratios of different replaceable bases. All 
of the bentonites that we have studied contain more or less replaceable mag- 
nesium. The deposits which occur in certain localities contain considerable 
replaceable calcium. Other samples contain much replaceable sodium. We 
have examined one sample which contains considerable replaceable potassium. 
All of these bentonites contain much magnesium, and one of them considerable 
potassium, that are not replaceable by ordinary methods. On the other 
hand, practically all of the calcium and sodium are replaceable. 

EFFECT OF GRINDING 

Three of the purified bentonites which we have studied were found to be 
remarkably similar, having, as shown in table 1, a base-exchange capacity of 

105 to 110 milliequivalents to every 100 gm. of air-dry material. The base- 
exchange capacity of the purified bentonites obtained from other sources 
ranged from 82 to 88 milliequivalents to every 100 gm., whereas still other 
samples contain about 55 milliequivalents of replaceable bases. Since one type 
of bentonite that was employed in our investigation was known to contain the 
crystalline mineral, montmorillonite, it was decided to study the effects pro- 
duced by grinding these materials in a ball mill. 

In the first experiment a sample of calcium-saturated bentonite, containing 

106 milliequivalents of replaceable calcium, was placed in a ball mill and ground 
for several hours. The material was then subjected to a determination of the 
replaceable bases. The results showed that the grinding process materially 
increased the replaceable magnesium, but did not appreciably affect the 
replaceability of other elements. As is shown in table 2, grinding for 72 hours 
brought about a very marked increase in the replaceable magnesium. 

The bowl of the ball mill used in this investigation was porcelain lined and 
the balls were composed of high-carbon-chromesteel, f inch and ^ inch in 
diameter. The flint pebbles, commonly employed in ball mill grinding, are not 
satisfactory for this type of experiment, because they undergo abrasion to such 
an extent as substantially to contaminate the experimental material. We 
have not attempted to determine the most eflicient method of grinding these 
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materials. All of the samples were air dried. It was noted that the colloidal 
materials tended to cake on the walls of the ball mill and the surface of the balls. 
It is probable that the particles of colloids of this type will be more effectively 
ground if the sample is partially dehydrated. In other experiments some 
indication was found that grinding affects the Ca-saturated material to a 
greater extent than the Na-saturated form. This is probably due to differences 
in absorbed water. 

As has been slated, the sample used in the first experiment was approxi- 
mately calcium saturated before being subjected to grinding. The calcium 


TABLE 1 

Replaceable bases of bentonites* 


LABORA- 

TORY 

KUUJRER 

1 

LOCALITY 

Ca 

lOLUEQUl^ 

Mr. 

i^ALCNTS P] 

K 

SR 100 Gif. 

INa 

Total 

1 

Death Valley, California 

32 

34 


33 

106 

2 

San Diego, California 

34 

54 


18 

no 

3 

Osage, Wyoming 

7 

8 


66 

86 

4 

Merritt, British Columbia 

36 

15 


4 

58 

5 

Rosedale, Alberta 

26 

11 

5 

46 

88 

6 

Princeton, British Columbia 

45 

8 

0 

0 

53 

7 

Goldfield, Nevada 

27 

28 

6 

44 

105 

8 

Medicine Bow, Wyoming 

18 

20 

4 

40 

82 


* The analyses were made on products separated from the crude bentonites by the process 
of repeated sedimentation in alcohol. 


TABLE 2 

Effect of grinding bentonite No. 7 


IIILUEQIJIVALENTS XEPL.\CEABLE BASES 



C.i 

Mg 

K 

Na 

Total 

• 

Unground sample* 

106 

0 

0 

0 

106 

Ground 30 hours 

107 

68 

Trace 

Trace 

175 

Ground 72 hours 

106 

222 

Trace 

Trace 

328 


This sample was saturated with calcium before the experiments were made. 


saturation was effected by prolonged leaching with a neutral solution of normal 
calcium chloride, the occluded calcium chloride being then removed by leaching 
with water. After being thus saturated with calcium the sample contained 
4.60 per cent total MgO, which, as stated already, was non-replaceable before 
grinding. After the sample had been ground for 72 hours, a high percentage 
of the total magnesium was replaceable. If the sample is ground sufficiently 
thoroughly, probably all of the magnesium will be replaceable. 

Bentonites from other sources were also investigated. One of these, ben- 
tonite no. 2, was saturated with calcium before it was subjected to grinding. 
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The Other sample, no. 3, was separated by sedimentation in methyl alcohol. 
The material thus obtained contained the replaceable bases originally present 
in the crude clay. The results are shown in table 3. It will be noted that grind- 
ing produced much the same effect with bentonite no. 2 as with bentonite no. 7, 
reported in table 2. On the other hand, bentonite no. 3 was affected to a 
lesser degree. The chief replaceable base of this last named sample, before it 
was ground, was sodium, and its total content of all replaceable bases was 
approximately 85 milliequivalents to every 100 gm. It will be noted that 
again the only base whose repkceability was affected by the grinding was 
magnesium. 

Grinding experiments were also made with a sample of the calcium-saturated 
material separated from the so-caHed potash bentonite (5), and a similar experi- 
ment was made on a sample of beidellite. According to Ross and Shannon, 
beidellite belongs to the bentonitic clays and is related to the montmorillonite 
bentonites. The results are rep)orted in table 4. 

TABLE 3 

Effect of grinding bentonites* 


MILLIEQUIVALENTS REPLACEABLE BASES 



Ca 

Mg 

K 

Na 

Total 

Bentonite no, 2, unground 


0 

0 

0 

108 0 

Bentonite no. 2, ground 72 hours 

106.0 

220.5 

Trace 

Trace 

326.5 

Bentonite no. 3, unground 

mm 

12.6 

3.7 

61.7 

84.6 

Bentonite no, 3, ground 24 hours 

■1 

44.1 

4.1 

65.3 

121.3 



* Bentonite no. 2 was saturated with calcium before the experiments were made. Un- 
treated bentonite no. 3 was used. 


It will be noted that before these materials were ground their total replaceable 
base content was considerably less than that of the bentonites already dis- 
cussed. Grinding, however, produced marked effects on the replaceable-base 
content. In the case of the potash bentonite the replaceable magnesium and 
potassium were both markedly increased. The replaceable potassium of the 
beidellite was also increased to a considerable extent. The magnesium, how- 
ever, was affected to a still greater extent. On the other hand, the replace- 
able calcium and sodium were but slightly affected by the grinding. 

Ejffect of grinding soil colloids 

The marked effects on the replaceable bases produced by grinding the 
colloidal samples of bentonite and beidellite suggested similar experiments with 
soil colloids. The method used in separating the colloidal material from the soil 
mass was essentially as follows; Several hundred grams of air-dry soil was 
leached with a solution of sodium chloride in order to replace the natural bases 
with sodium and thus facilitate the dispersion of the colloidal material. The soil 
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was then suspended in a relatively large volume of water, and the material 
remaining in suspension after standing 24 hours was syphoned off. The residue 
was again shaken with water and the process of sedimentation and syphoning 
was repeated several times. The colloidal suspensions thus obtained were 
coagulated with calcium chloride and re-treated several times with fresh solu- 
tions of calcium chloride. After the excess of calcium chloride was leached 
out with distilled water the organic constituents were removed, either by direct 
oxidation with hydrogen peroxide, or by first extracting with 4 per cent 
ammonia and then oxidizing with hydrogen peroxide. When the organic 
constituents had been removed, as was indicated by a carbon determination, 
the inorganic colloidal material was thoroughly leached with normal calcium 
acetate in order to effect complete calcium saturation. The soluble calcium 
salt was leached out with methyl alcohol and the sample was dried at a low 
temperature. The material was then reduced to a fine powder by careful 
crushing in a hand mortar. 


TABLE 4 

EJJect of grinding potash bentonite and heiddlite* 


miLIEQUZVALENTS SEPLACEABLE BASES 



Ca 

Mg 

K 

Na 

Total 

Potash bentonite, unground 

31.8 

2.0 

0.9 

0 

34.7 

Potash bentonite, ground 30 hours 

32.3 

38.4 

29.0 

2.3 

102.0 

Beidellite, unground 

47.0 

4.2 

Trace 

Trace 

51.2 

Beidellite, ground 3 days 

55.0 

59.0 

18,7 j 

1.7 

134,4 


• These minerals were obtained from C. S. Ross of the U. S. Geological Survey. The 
samples were saturated with calcium before being ground. 


Five different soil colloids were investigated by the grinding method. The 
results are recorded in table 5. It will be noted that the effect of grinding 
these soil colloids was remarkably similar to that produced on the bentonites. 
The replaceable bases of soil colloid no. 7083, which was separated from a 
California soil, were most markedly affected, the total replaceable base content 
being increased from approximately 65 milliequivalents to 205 milliequivalents. 
It will be noted that with this soil colloid magnesium was the chief base whose 
replaceability was affected, more than 100 milliequivalents of magnesium 
having been made replaceable as a result of grinding. Approximately 29 
milliequivalents of potassium were also made replaceable. Another soil 
colloid from California, no. 431, was also markedly affected by grinding, and in 
this case magnesium was again the chief base whose replaceability was in- 
creased. The replaceability of the potassium was also affected, but to a smaller 
degree than that of magnesium. The replaceability of calcium was not 
materially affected by grinding either of these soil colloids. 

Similar results were obtained with colloids 3232 and 7680. The former was 
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separated from a glacial drift soil of Indiana and the latter from a limestone 
soil of central Tennessee. It will be noted that the effect of grinding was less 
marked with these samples than with the soil colloids from the semiarid region 
of California, but again the elements that were most markedly affected were 
magnesium and potassium. With these samples grinding also produced very 
little effect upon the replaceability of the calcium. The colloid from a highly 
acid soil of the Cecil series is especially interesting in that the effect of grinding 
was most marked with the H ion. The calcium-saturated form of this colloid 
was approximately neutral, but, after being ground, its pH was found to be 5.8. 
It then contained 60 miliiequivalents of replaceable H ions. With tliis soil 
colloid the bases whose replaceabilities were increased to the greatest extent 
by grinding were again magnesium and potassium, but the increases were less 
marked than in the case of the previously mentioned soil colloids. 

Tables 2, 3, 4, and S, indicate that the soil colloids are remarkably similar 
to the bentonitic clays, in so far as the effect of grinding is concerned. With the 
soil colloids from California, 431 and 7083, magnesium was the base most 
markedly affected, whereas the effect of grinding the colloids from the soils of 
the more humid parts of the United States was distributed approximately 
equally between magnesium and potassium. In no case was the replaceabiUty 
of calcium markedly affected by grinding. 

It will be noted that the total content of replaceable bases held by the un- 
ground samples of soil colloids 431, 7083, 3232, and 7680, is of the same general 
magnitude as that of the bentonites 4 and 6, potash bentonite, and beidellite. 
Moreover, grinding increased the content of replaceable bases of these materials 
similarly. 

The total bases of these soil colloids are reported in table 6. The data are 
expressed as miliiequivalents for each 100 gm. for convenience of comparison 
with the replaceable bases. It will be seen that, with the exception of colloid 
7680, practically all of the calcium contained by these soil colloids is replaceable. 
Total analyses of the bentonites showed that practically all of their calcium is 
also replaceable. It will be noted that although the potassium in the un- 
ground samples of these soil colloids was not replaceable practically all of it was 
made replaceable by grinding. The same is true as regards the magnesium of 
soil colloid 431. On the other hand, much of the magnesium in the other soil 
colloids still remained in a non-replaceable form after they had been subjected 
to grinding for the j^riods employed in these experiments. In view of the 
result obtained by grinding the sampleof bentonite for different periods of time, 
it is possible that more drastic grinding of the soil colloids would bring about a 
still further increase in the replaceable magnesium. All of these soil colloids 
were quite low in total sodium. 

Thus it is shown that the chief effect of grinding these soil colloids was, first, 
to increase the replaceabiljty of their magnesium to a marked extent, and, 
secondly, to render the potassium replaceable. The results are, therefore, 
markedly similar to those obtained with the bentonites. The preceding results 
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Strongly suggest that the base-exchange constituents of both the soil colloids 
and the highly colloidal bentonites are crystalline and that the replaceable bases 
are contained within the interior of the crystals as well as on the exterior. 

X-RAY INVESTIGATIONS 

In order to obtain further information concerning the nature of the base- 
exchange materials^ we have made studies on a number of samples of bentonites 
and soil colloids by the method of X-ray crystal analysis. 

TABLE s 

Effect of grinding soil colloids* 


lULLIEOUIVALENTil HEPLACEABLE BASES 



Ca 

Mg 

K 

Na 

Total 

Soil colloid 7083, unground 

58.1 

6.1 

0.3 

l.l 

65.6 

Soil colloid 7083, ground 30 hours ' 

60.4 

109.3 

29 0 

5.4 

204.9 

Soil colloid 4.H, unground 

54.7 

2.5 

0 

0 

57.2 

Soil colloid 431, ground 30 hours 

59.9 

71.2 

25.3 « 

0 

156.4 

Soil colloid 3232, unground 

54 0 

2.7 

1.0 

1.4 

59.1 

Soil colloid 3232, ground 72 hours 

57.3 

21.0 

19.3 

13.6 

111.2 

Soil colloid 7680, unground 

32.8 

2.3 

0 

1.0 

36.1 

Soil colloid 7680, ground 30 hours 

41.7 

27.3 

26.0 

0 

95.0 

Soil colloid 11954, uuground 

14.2 

0 

0.2 

3.9 

18.3 

Soil colloid 11954, ground 30 hours 

14.0 

6.8 

7.3 

6.0 

34.1 


*No. 431, Ramona clay loam, taken near La Habra, California. 
No. 7083, Dublin clay adobe, taken near Gilroy, California. 
No. 3232, Glacial drift soli from Indiana. 

No. 7680, Limestone soil, central Tennessee. 

No. 11954, Cecil clay subsoil, Alabama. 

All samples were saturated with Ca before grinding. 

TABLE 6 

Fusion analysis of soil colloids 


1 

MILLXEQUXVALENTS PEK 100 Git. 

Ca 

Mg 

K 

Na 

431 

58 

68 

20 

11 

7083 

. 80 

142 

22 

22 

3232 

60 

38 

25 

15 

7680 

101 

155 

33 

22 

11954 

14 

20 

7 

7 


The method depends upon the following principles: In crystalline substances, 
the constituent atoms are located at regularly spaced distances in the various 
directions, thus forming a regular three-dimensional space lattice. The regu- 
larly spaced atoms fall into planes and these planes are also regularly spaced. 
Because the interplanar spadngs are of about the same order of magnitude 
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as the wave lengths of X-rays, the planes of atoms in a oystal are capable of 
acting as a diffraction grating for X-rays, in much the same way that the 
closely ruled lines on a glass plate diffract the waves of visible light. In the 
case of visible light, the wave length may be calculated from data which include 
knowledge of the spacings separating the lines which compose the grating. 
Similar application is made of the diffraction principle in X-ray cr 3 ^tal analysis, 
but in this case it is the wave length of monochromatic X-rays which must be 
known, while the quantity corresponding to the grating spacing is to be deter- 
mined. This unknown quantity is the distance separating the planes of atoms 
in the crystal; it is the key to the whole problem of crystal structure. 

When x-rays strike the atoms of a crystalline substance the rays are scattered 
in all directions, and in general these scattered rays are not intense enough to 
produce more than a slight fogging effect on a photographic film. If, on the 
other hand, a number of these scattered rays are deflected in such a manner 
that the deflected TBys are in phase, their combined intensities will be sufficient to 
register on a stuitably placed film. It can be shown by simple trigonometry 
(1) that X-rays are deflected in phase from the atomic planes of a crystal when 
the relationship between the wave length of the X-rays (X), the interplanar 
spacing (d) and the glancing angle 0 between the incident beam and the reflect 
ing plane is described by the equation: 

n X = 2 df Sin 0 

in which n is a simple integer representing the order of reflection. Accordingly, 
if the wave length, X, be known and the glancing angle, 0, be observable, it 
becomes possible to calculate <//«, that is, the ratio of the interplanar spacing 
to the order of reflection. Since is a small integer and it is usually possible to 
decide whether it is 1, 2, or 3, etc., the value of the interplanar spacing is 
readily obtained. 

In practice a single crystal, or a tube of the powdered crystals, is placed in 
the path of an X-ray beam, and the undeflected beam, as well as the various 
beams which are deflected in accordance with the foregoing equation, are inter- 
cepted and registered on a suitably placed photographic film or plate. From 
measurements on the film, the angular displacement of the beam ( « 2 0) may 
be determined. If a single crystal is used with monochromatic X-rays, it is 
necessary to make a number of exposures with the crystal in different positions 
in order to obtain the various interplanar spacings, since for any one position 
we have fixed values for X and 0 and consequently can have only one value for 
d/n. If, on the other hand, the sample is in the form of a fine powder, it con- 
sists of a large number of minute crystals in random arrangement, and some of 
the crystalline fragments, according to the law of probability, will have the 
required position with respect to the X-ray beam for any given interplanar 
spacing. Collectively, therefore, the particles will produce reflections in phase 
corresponding to all interplanar spacings present in the crystals. 

It follows, then, that when powdered crystalline material is examined in an 
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X*ray diffraction apparatus, a series of lines is recorded on the photographic 
film, and that these lines correspond to the interplanar spacings of the material. 
This series of lines is known as the diffraction pattern and is characteristic of 
the substance which produces it. The production of a pattern is direct evidence 
that the substance is crystalline. Under favorable conditions the pattern 
may be interpreted so as to give a more or less complete picture of the structure 
of the crystalline substance. 

The replaceable-base materials were examined in the form of fine powders 
that were passed through a wire sieve having 200 meshes to the linear inch. 
The samples were packed into thin walled glass tubes having a diameter of 
about 1 mm., and exposed in the X-ray diffraction apparatus supplied by the 
General Electric Company. A Coolidge tube with a molybdenum target was 
used as the source of X-rays and the X-rays were passed through a zirconium 
oxide screen so as to give monochromatic X-rays with a wave length of 0.712 
Angstrom units. The photographic film was placed on an arc of 8-inch radius, 
at the center of which was located the tube containing the specimen. The 
incident beam passed through a narrow slit (0.02 inch x 0.5 inch) and images of 
this slit were produced on the film by the undeflected beam and by the various 
deflected beams. By measuring the distance of the various lines from the 
‘‘zero line,’^ representing the intercept of the undeflected beam, values are ob- 
tained which are proportional to the angular displacement in radians. 

Samples of bentonites from nine different sources, soil colloids from six 
different sources, and one sample each of beidellite and halloysite were ex- 
amined by the powder method. All of these were examined in their original 
unground condition, some of them after prolonged grinding, some also after 
saturation with various replacing bases, and one after being heated to various 
temperatures. 


QUALITATIVE REVIEW OF RESULTS 

All of these substances showed distinct X-ray diffraction patterns, indicating 
that they are not amorphous, as has been commonly assumed, but, on the 
contrary, that they possess definitely crystalline structures. From a merely 
qualitative inspection it is apparent that there is a considerable sitnilarity 
between all of the X-ray photographs, certain prominent lines being shown 
in all of the films (pi. 1 and 2). This suggests that all of these substances have 
some sort of a common structural basis. On the other hand, the films also 
show certain differences, both in the lines that are present and in the relative 
intensities of the lines. This suggests that within the common structural 
organization, there are certain atoms which, although fitting into the funda- 
mental structure, are not essential to the framework and which give rise to 
additional reflecting planes that differ in the various samples. 

The samples after prolonged grinding in a ball mill (usually 48 to 72 hours) 
gave X-ray patterns that were less distinct than those from the corresponding 
unground samples (pi. 3). In certain cases prolonged grinding apparently 
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produced no change in the pattern, although in some instances the lines almost 
completely disappeared, but usually the change was confined to only one or 
two lines in the pattern. The disappearance of a line caused by grinding was 
invariably accompanied by a darkening of that area of the film which cone> 
sponded to the position occupied by the missing line. This darkening effect 
indicates a broad scattering of the X-rays in the region involved, and signifies 
a partial breaking down of the crystalline material to an imorganized (i.e., an 
amorphous) condition. In every case the films of the ground material ^owed 
distinct increases in the fog effect, indicating that the grinding reduced more or 
less of the crystalline material to an amorphous condition. 

A series of films was obtained represenjting bentonite 7 saturated with various 
replacing bases. All of the patterns were approximately alike (pi. 4, fig.l). 
A similar series of patterns for soil colloid 431 saturated with calcium, sodium, 
potassium, ammonium, magnesium, and copper showed no significant differ- 
ences (pi. 4, fig. 2). That the substitution of one base for another failed to 
affect the X-ray films was probably because the base replacement, brought 
about by the treatment of the samples, was limited chiefly to the atoms located 
on or near the surface of the oystals. Apparently the interiors of the crystals 
were not affected by this treatment. 

X-ray examination was made of four portions of bentonite 7 which had been 
heated to 350®, 450®, 600®, and 750®C., respectively (pi. 5). The diffraction 
patterns corresponding to the three lower temperatures were alike and similar 
to that of the unheated bentonite. The material heated at the highest tem- 
perature gave an altogether different and much fainter pattern containing a 
broad darkened area. This appears to indicate a considerable breaking down 
to amorphous material at the highest temperature with some alteration to a 
different type of crystal structure. 

The bentonites from eight different sources gave diffraction patterns that are 
very similar (pi. 1, fig. 1), a number of prominent lines being common to all 
these films. We will discuss later certain minor differences in these patterns. 

The soil colloids gave patterns obviously more complicated than the ben- 
tonite patterns, but nevertheless clearly related to them (pi. 1). The bei- 
dellite pattern is very similar to the bentonite patterns. The halloysite 
pattern suggests that of potash bentonite, although it contains fewer lines 
(pi. 2). These relationships will be discussed more fully in connection with the 
numerical data. 


QUANTITATn'E INXEEPSEXATION OF RESULTS 

As has already been indicated, the numerical values of the iuterplanar 
spadngs may be obtained from measurements on the films. The films ob- 
tained from the various bentonites and soil colloids have been measured and the 
values of the interplanar spadngs are given in tables 7 and 8. These values are 
ej^uessed in Angstrom units and opposite each value is an approximate indka- 
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♦ Interplanar spacings expressed in Angstrom units. S3nnbols designate relative intensity of the corresponding lines, ws ~ very very strong; vs *= very 
strong; s strong; m medium; w » weak; vvw ~ very very weak; tr = trace; ? means line questionable. Bracketed values indicate a broad line which 
may be a composite of two or more superimposed lines. Figures in square brackets designate orders of reflection. 
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tion of the intensity of the line. Ihie last two colunms in each table are con« 
cemed with the interpretation of these data and will be referred to presently. 

The general appearance of the patterns suggested that the structure might he 
a cubic lattice. In order to test this point quantitatively, a number of the 
spacing values were plotted and compared with charts, according to the method 
of Hull and Davey as outlined by Wychoff (8). Most of the values thus 
plotted agree with a cubic lattice based on a unit cube having an edge 9.0 
Angstrom units in length. Calculations were made of the interplanar spacings 
of the various reflecting planes in a theoretical cube of 9.0 A. edge, and a list 
was prepared of all possible spacings between 9.0 A. and 1.24 A. 

The last two columns of each table give the significant calculated values, 
together with their corresponding crystallographic indexes (Miller indexes). 
It will be seen that, with but few exceptions, the observed interplanar spacings 
agree closely with interplanar spacings calculated from the theoretical cube. 
Moreover, the observed relative intensities of the lines are similar to the 
expected intensities from the theoretical cube. From this agreement it is con- 
cluded that all of the substances examined have structures related to a cubic 
lattice with a unit cube having a 9 A. edge. As some of the materials were 
obviously heterogeneous, the few lines which do not correspond to any spacings 
in the theoretical lattice may be ascribed to the presence of foreign material. 

It will be observed that the bentonite patterns contain in general a smaller 
number of lines than the soil colloids, 9 to 14 lines being obtained in a bentonite 
pattern and 12 to 19 lines in a soil colloid pattern. Altogether 21 different 
lines are found in the bentonite patterns. All but one of these (the 3.30 to 
3.34 A. spacing) agree with spacings calculated on the theoretical cube. The 
soil colloid patterns contain a total of 30 different lines; five of these (7.40 A., 
5.80 A., 4.30 A., 3.80 A., and 3.35 A.) cannot be correlated with any calculated 
spacings of the theoretical cube, but the other spacings are in satisfactory 
agreement. 

On the basis of the similarity of the crystallographic indexes, the various 
bentonite patterns may be grouped into classes having structures of varying 
complexity. The classes merge into one another somewhat and their separa- 
tion is necessarily inexact and arbitrary. Nevertheless, the patterns fall dis- 
tinctly into about three classes. 

The simplest class includes the patterns of bentonites 1, 2, 7* The promin- 
ent lines of these patterns correspond to the following crystallographic indexes: 
(100), second, fourth, sixth, and seventh orders; (110), second order; (111), 
second and fourth orders; and second orders of (122) and (230), These observa- 
tions suggest that the structure of these materials is related to a comparatively 
simple type of cubic lattice having atoms or groups of atoms at or near the 
corners of the cube. Chemical analysis shows that these samples have a 
composition closely approximting that given by Ross and Shannon for 
montmorillonite. 

The next class in order of complexity includes bentonites 3, 4, 5, 6, and 8, 
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and the sample of beidellite. The diffraction patterns show the same lines as 
those of the first class and in addition two lines corresponding to crystallo- 
graphic indexes (111), first order, and (100), third order, and a strong line corre- 
sponding to a spacing of 4.10 A. Apparently these samples contain a greater 
concentration pf atoms at fractional distances between the corners of the cubes 
than the first class. Bentonites 3 and 8 and the beidellite also show a spacing 
of 3.30 A., but since this spacing does not correspond to any spacing in the 
theoretical cube, it was probably due to some impurity in the samples. 

The potash bentonite sample apparently belongs in a separate class. Its 
pattern contains the same lines as bentonite 7, but, in addition it contains lines 
corresponding to the crystallographic indexes: (112), (123), (120) second order, 
and (125) and (140) first order. This suggests a considerably greater distribu- 
tion of atoms at fractional distances between the corners of the unit cube than 
in the other classes of bentonites. The structure of halloysite appears to be 
similar to, although less complex than, potash bentonite. 

Summarizing these conclusions, we may say that the patterns of the ben- 
tonites that have been examined appear to fall into three classes of varying 
complexity. The simplest class has a structure apparently related to a simple 
cubic lattice, (i.e., a lattice with the atoms or atomic groups mostly at or near 
the corners of the unit cube) since the prominent lines agree with simple cr>"stal- 
lographic indexes. Other classes have lines agreeing with more complicated 
indexes, involving intercepts on 1/3, 1/4, 1/S, etc. of the unit edge, and the 
corresponding structures, although based on a unit cube of the same size, ap- 
parently have a considerably greater distribution of their constituent atoms 
at fractional distances between the comers of the cube. 

As has been intimated, the X-ray evidence indicates that the soil colloids 
possess a more complex structure and are more heterogeneous than the ben- 
tonites. Each of the soil colloid patterns contains all of the lines of at least 
one bentonite pattern, and somp contain all of the lines of two different ben- 
tonite patterns; in addition, each contains lines foreign to the bentonite pat- 
terns but related to the unit cube; and, finally, each contains several lines not 
related to the unit cube. This suggests that the soil colloids may be composed 
of one or more bentonite or similar substances mixed with non-bentonitic 
material. 

Because of the obvious heterogeneity of the soil colloids and the faintness 
and uncertainty of some of the lines, it has been found impracticable to classify 
the soil colloid pattern. As distinguished from bentonites, the soil col- 
loids (with one exception) are characterized by the presence of a 1.54 A. spacing 
corresponding to crystallographic index (334) , Soil colloids 431 and 7083 showed 
the simplest diffraction patterns and are very similar to that of the potash 
bentonite. The pattern of soil colloid 5696 is somewhat more complex, but still 
it resembles that of potash bentonite (compare pi. 1, fig. 2, and pi. 2). Two of 
these colloids, 431 and 7083, were separated from California soils, and the 
third, 5696, came from Nevada; they, therefore, represent semiarid soils. The 



NATURE OF BASE-EXCHANGE MATERIAL 


39 


other samples representing soils from the humid sections of America are ob- 
viously more complex structurally. 

After the preceding part of this paper had been written Hendricks and Fry 
kindly sent us a copy of their unpublished manuscript entitled, ^‘The results of 
X-ray and microscopic examination of soil colloids.” This paper has subse- 
quently been published (4). Their X-ray photographs are not strictly com- 
parable with ours for the reason that they used a copper target, whereas we 
employed a molybdenum target, and also the size and types of cassettes used 
by them were different from ours. The calculated spacings reported in table 
4, S, 6, and 7 of their paper are in substantial agreement with those recorded in 
our tables 7 and 8. The montmorillonite pattern of Hendricks and Fry 
agrees with those of bentonite 1, 2, and 7, and the so-called Ordivician ben- 
tonite showed an exotic 3.30 spacing just as do our bentonites 3 and 8 and the 
potash bentonite. They suggest that the Ordivician bentonite was contami- 
nated with quartz. As some of our materials may also have contained small 
quantities of quartz, it is possible to account for some of the stray lines on that 
basis. 

In order to obtain further evidence on" this point, an X-ray powder diagram 
w'as made of a sample of ground quartz. The pattern showed lines correspond- 
ing to a very, very strong 3.35 A. spacing and to strong 4.30, 1.80, and 1.37 A. 
spacings, as well as a number of weaker lines. The four strong lines might be 
expected to contribute to a pattern if present as an impurity, even if only in 
comparatively small proportion. It is interesting to note that bentonites 3 
and 8, beidellite, and all of the soil colloids show evidence of quartz con- 
tamination by the prc.sence of one or more of these lines. 

We have confirmed the conclusions of Hendricks and Fry that beidellite is 
structurally very similar to bentonite. Their kaolinite pattern, however, is 
distinctly different from our bentonite patterns. 

THE ZEOLITES 

The term “zeolite” is often employed in discussions on the base-exchange 
property of soils and much use has been made by soil investigators of the syn- 
thetic preparation known as permutite or s>Tithetic zeolite. As is well-known, 
permutite possesses marked base-exchange power and is undoubtedly similar 
in certain respects to the base-exchange material of soils. Burgess (2) holds 
that the calcium form of the permutite which he has synthetized is identical 
chemically with the natural zeolite known as scolecite. 

We have investigated several natural zeolites, with the results shown in 
table 9. The samples used in these experiments were ground to a moderate 
extent only and were still definitely crystalline, as was indicated by X-ray 
examination. Nevertheless, practically all of the bases of stilbite were replace- 
able and also a very large part of those of the other zeolites. In this respect 
the natural zeolites differ markedly from the bentonites and the soil colloids 
that we have investigated. As has been pointed out already, relatively little 
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magnesium of the soil colloids is replaceable and much of the magnesium of 
bentonite cannot be replaced unless the material is ground to extreme fineness. 
Practically all of the bases contained in ciystalline heulandite and analcite 
are also replaceable. 

Another important difference between the natural zeolites, and bentonite and 
soil colloids, is found in their content of magnesium. As already shown, the 
bentonites are primarily magnesium compounds and the soil colloids discussed 
in this paper are closely related to the bentonites. This is not true, however, of 
the zeolites. As far as we are aware no natural magnesium zeolite has ever 
been reported. 


X-ray studies on natural zeolites 

The following is a list of the zeolites that have been examined by the X-ray 
method, together with the crystallographic S3^tems in which mineralogists 
classify them: 


Anakite. . . 
Natrolite. . 
Heulandite 
Stilbite — 
Scolecite... 


Cubic 

Orthorhombic 

Monoclinic 

Monoclinic 

Monoclmlc 


All of these substances gave good X-ray patterns. As might be expected 
from the diverse crystallographic systems to which they belong, there is a 
corresponding diversity in the appearances- of the patterns. It is significant 
that none of these patterns resembles the typical patterns of the bentonites 
and soil colloids; consequently their base-exchange properties cannot be due to 
the same substances. 

It might be expected that, since analcite and the bentonites belong to the 
same crystallographic system (cubic), the base replacement mechanism would 
be essentially the same in both. However, chemical studies have shown that 
there is a distinct difference in the behavior of these substances, complete 
replacement in the bentonites taking place only after prolonged grinding, 
whereas the bases of analcite are readily replaced with only moderate grinding 
treatment. The analcite structure appears to be based on a larger unit cube 
than the bentonites and it is possible that the difference in lattice dimensions 
may account for the easier replacement in analcite, since a more open struc- 
ture in this substance would presumably permit a readier movement of bases 
within the lattice. 

Several samples of synthetic permutite have also been examined with the 
X-ray, but, in agreement with the results of other investigators, none of 
these materials gave a diffraction pattern. Evidently these substances are 
amorphous. 
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Effect of heat 

Numerous studies made here and elsewhere indicate that the inorganic 
base-exchange material of soils is a comparatively stable substance. For 
example the bases may be completely replaced by H ions, upon treatment 
with a dilute acid, without effecting decomposition of the base-exchange ma- 
terial to any great extent. In view of the data presented already, the fact 
that both the bentonites and the soil colloids are known to absorb water very 
readily, and that the base-exchange material of bentonite probably contains 
water of crystallization, a few experiments were made with reference to the 
effect of heat on these materials. 


TABLE 9 

Total bases and replaceable bases of natural zeolites 


lOLUEQtnVALENTS PP.S 100 CM. 



Total bases 

Replaceable bases 

Ca 

Mg 

K 

Na 


Mg 



Natrolite 

90 

9 

8 

352 

42 

6 

M 


Stilbite 

263 

6 

S 

63 

265 

4 

|n 

44 

Scolecite 

360 

10 

13 

33 

208 

Trace 


16 


TABLE 10 

Effect of heat on bentomtes, soil colloids^ and natural zeolites 


iaUJ£QX7XVALKNTS Of TOTAL REPLACE ABLE BASES (NH« ABSORBED) 


TEItPERATTJRF 

Bentonite 
No. 7 

Bentonite 
No. 3 

Soil Colloid 
7083 

Natrolite 

Stilbite 

Scolecite 

•c. 

Not heated 
350 

500 

600 

750 


86.0 

88.0 

76.0 

19.2 

2.5 

56 

54 

19 

221.5 

102.0 

98.0 

312.0 

19.7 

213.0 

12.2 

12.5 








The data reported in table 10 show that the soil colloids and bentonites are 
remarkably stable toward heat. The heating experiments were conducted in 
a muffle furnace controlled by a pyrometer, the samples being held in the fur- 
nace at each temperature until constancy of weight was attained. It will be 
noted that the temperature of 350°C. produced no effect on the replaceable 
bases of the soil colloid and bentonites. Above this temperature there was a 
gradual falling off in the content of replaceable bases, until at a temperature of 
ISQPC. the base-exchange power was practically destroyed. On the other 
hand, the zeolites behaved very differently. Their power to undergo an ex- 
change of bases with a salt solution was greatly reduced by heating to a tem- 
perature of 350®C. 
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It€s difficult to harmonize the results of this investigation with those ob- 
tained by Steemkamp (6), who reported that the content of replaceable bases 
of certain soils of England is materially affected by dehydration. It is pos- 
sible that the changes noted by Steemkamp were occasioned by the organic 
part of the exchange substance. However, we have thus far been unable to 
verify Steemkamp’s conclusions. 

A striking difference is also brought out by heating these materials to a 
temperature of lOO^C. Both the bentonites and soil colloids lose about 10 
per cent of their air-dried weight at 100®C., whereas the natural zeolites lose 
much less water at this temperature. 

The natural zeolites are considered by mineralogists to be hydrous alumino- 
silicates, formed as a result of the weathering of feldspars. From a geological 
point of view the zeolites are relatively unstable substances. On the other 
hand, the clay minerals are relatively stable chemically. The colloidc! ma- 
terial of soils is undoubtedly the most highly wcatliered part of the soil, repre- 
senting as it does the material that is left behind after the less stable and more 
soluble substances have been removed by percolating water. When we con- 
sider the circumstances under which soils are formed and the conditions to 
which they are subjected in the natural state, it is evident that those con- 
stituents which persist in the soil must be relatively stable substances. In 
the event that one or more of the natural zeolites should be laid down with the 
soil forming materials, or be formed in the soil mass as a result of weathering 
processes, they would probably undergo complete decomposition under the 
conditions which bring about the development of a relatively mature soil 
profile. 


GENERAL DISCUSSION 

The foregoing data seem to justify the definite conclusion that the substances 
composing the colloidal material of the soils that have been investigated are 
not amorphous, as has been commonly assumed, but on the contrary that they 
are composed chiefly of crystalline substances. It is interesting that Hendricks 
and Fry (4) have found by microscopic and X-ray examination that the col- 
loidal materials separated from many different types of soils from various parts 
of the United States contain definitely crystalline bodies. In agreement with 
our conclusions, they hold that the crystalline materials of the soil colloids 
examined by them belong to the clay minerals. Their results indicate that 
certain of the soil colloids are closely related to the montmorillonite-beidellite 
clays, others are similar to the potash bentonites, referred to by them as Ordi- 
vician bentonite; whereas still others are related to the halloysite type of clay 
minerals. Every sample which they examined was found to contain definitely 
crystalline material. 

We have found that the replaceable bases occur not only on the surface of 
colloidal particles but also on the interior of the crystals. Since the X-ray 
analyses indicate an orderly arrangement of the atoms within the particles, and 



NATTJKE OF BASE-EXCHANGE MATERIAL 


43 


since the exchange of bases is stoichiometric, it is safe to conclude that the base- 
exchange substances are true chemical compounds. The replaceable bases, 
therefore, are not merely adsorbed on the surface of the particles, rather the 
bases are an integral part of the chemical constitution of the crystals. 

Ross and Shannon (5) and Wherry (7) have concluded that the crystals of 
colloidal bentonite are lamellar in form. Since it is only the bases that occur 
on or near the surface of the crystals that can be replaced, the ratio which we 
have found between the replaceable bases and the total base content of the 
unground samples of bentonite is consistent with this conclusion. The X-ray 
evidence as to the cubical form of the crystal lattice is also consistent with this 
view. It is possible that the crystalline soil colloidal material is also lamellar. 

It should be pointed out, in this connection, that the double-refractive power 
of bentonite and various soil colloids, which has been rei)orted by Ross and 
Shannon (5), Hendricks and Fry (4), and several European investigators, in- 
dicates that the cr\'stal structure of these materials is not strictly cubical. 
At present, it is not possible to explain the seeming conflict of evidence on this 
point. It is possible that the crystal lattice is pseudo-cubic, rather than ex- 
actly cubic in form. On the other hand, certain crystalline materials, when 
present in the form of fine needles or thin plates, have been found to be 
double-refractive and at the same time to possess cubical lattice structures. 

The chemical and X-ray data clearly establish the fact that the inorganic 
soil colloids are not zeolites. It is interesting in this connection that Gedroiz 
(3) has recently pointed out that the inorganic base-exchange material of soils 
is not zeolitic {ungenau auch zeoUthischer Teil des Bodens genannt)^ on the con- 
trary, these colloids apparently belong to the group of minerals known to 
mineralogists as clays. Certain of the better known clay minerals, such as 
kaolinite, and the less well known anauxite, are hydrogen aluminum silicates, 
which do not possess important base-exchange powers. On the other hand, the 
mortmorillonitc-beidellite group of clay minerals, which characterizes the 
bentonites, are essentially crystalline magnesium aluminum silicates. Appar- 
ently the magnesium may be partially substituted by potassium either before 
crystallization takes place or subsequently, with the resulting formation of a 
magnesium potassium aluminum silicate. The bases that occur on or near the 
surface of the crystals may be replaced by calcium or sodium in the natural 
state, but the results of grinding experiments demonstrate that calcium and 
sodium do not extend into the centers of the crystals. 

The Cecil colloid represents one of the oldest soil formations on the American 
continent. It has been derived from igneous parent material, either granite 
or rocks that are closely related to the granites. This colloid is charac- 
terized by a relatively low base-exchange capacity and low total base content. 
As pointed out in the foregoing, the crystalline material of this colloid is dis- 
tinctly acidic. Hendricks and Fry (4) have investigated several samples of 
Cecil colloids and have concluded that they are closely related to the halloy- 
site type of clays. Our results on a single sample of Cecil colloid are consis- 
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tent with this view. It is interesting to note that halloysite contains notable 
amounts of replaceable H ions, and the same is true of the Cedi colloid. 

As is well known, the chief replaceable base of normal soils is usually calcium, 
This is probably because of two facts: (1) Calcium ions possess a relatively high 
energy of replacement, and (2) The soil solutions which come into contact 
with the colloidal particles contain more or less dissolved calcium derived from 
the weathering of various calcium minerals, induding caldum carbonate. One 
or more of the calcium minerals are almost universally laid down with the soil- 
forming materials. The result is that caldum brought into solution subse- 
quently by weathering agents, replaces more or less of the magnesium from 
the surface of the clay minerals. In the case of alkali soils, which contain 
relatively high concentrations of sodium salts, the bases that occur on or near 
the surfaces of the crystals are replaced in considerable part by sodium. 

Soil colloid 431 represents a soil of granitic origin that was formed within a 
relatively recent geological period under conditions of limited rainfall. As 
pointed out already, the Cecil soil was also derived from granitic rock, but has 
been subjected to prolonged weathering under a humid climate. It is inter- 
esting that soil colloid 431 is related to the bentonites, whereas according to 
Hendricks and Fry the Cecil soil resembles halloysite. 

It seems appropriate to state that this investigation has not been sufficiently 
extensive to warrant conclusions as to the nature of the base-exchange material 
in soils everywhere. The essential agreement between our results and those 
of Hendricks and Fry, based on a study of a much wider range of soil colloids, 
suggests, however, that the few samples which we have investigated arc widely 
representative. We expect to expand this work so as to include a wider 
range of soils. 

As stated already, Burgess (2) claims that the permutite which he has syn- 
thesized is identical chemically with the natural zeolite known as scolectite. If 
this be true, it is safe to say that the synthetic material differs materially from 
the base-exchange substance of soils that we have examined. As a matter of 
fact there is some question whether the synthetic preparation is actually iden- 
tical chemically with scolecite. It seems that Burgess’ conclusion was based 
primarily on the fact that the synthetic substance has the same percentage 
composition as scolecite. Such evidence, however, is not sufficient to estab- 
lish chemical identity, for it is well-known, for example, that the percentage 
composition of the various hexose sugars is the same, yet some of these sugars 
are ketones whereas others are aldehydes. Among the silicates the ratio of 
AbOs^SiOs in many different minerals is practically identical. 

REFERENCES 

(1) Braoo, W. H., and Bragg, W. L. 1924 'X-Ray and Crystal Structure, p. 12. Har- 

court, Bruce and Co., New York. 

(2) Burgess, P. S. 1929 The so-cdlcd ‘*build-up^' and "break-down” of soil zeolites as 

influenced by reaction. Atiz, Agr. Exp, Sta, Tech, Bid, 28: 101-135. 



NATURE OF BASE-EXCHANGE MATERIAI. 


45 


(3) CiLDKOiz, K. K. \W) Der adsorhiiTenclo Boclenkoniplex und die adsorhierten Boden- 

kalionen als (Irundla^e der m*netischeti Hodeiiklassilikation. Kollcfidt hem. 
hciheftc.2^). 149-200. 

(4) Hkndkk'KS, S, B,, AM) Fry, W. H. 1930 The results of X-ray and microscopic ex- 

aminations of soil colloids Soil Sn. 29. 457-479. 

(5) Ross, ('. S., AND Shannon, K. V. 1920 The minerals of bentonite and related clays 

and their physical properties. Jour. Amer Ccranin Sot 9 77-90 
(0) Sti kmkwip. J. L. 192S T'he effect of dehydration of soils upon their colloid constit- 
uents. Soil Si i 25. 103 182. 

(7) WiiiiKRv. K. 1925 Bentonite as a one-dimen.sionul colloid Amer. M iucrtiloght 
10 120 123. 

(8j WvcKorr, R. W. (b 1924 The Structure of Oy'^tals, p. 190-195 Chemical (.'atalog 
Co., \ew York. 



\V. P. KKLLKY, \V. IT. Dt)RK AND S. M. BROWN 


4() 


PLATK 1 

X*R\\ \i 'IU)\ 1’\'ITLK\S Ol- HlSroNTTLS \\H C‘<)llon>N 

1. Intcrplanar '^pacin^s of different samples of bentonite 
1 ir. 2 The structural siniiJaiity between bentonite^ and soil colloids. 



NATLRK Oi- TiAMvhX('HAK(iE MATERIAL 

W. I*. KlLlIJ'i, \V H. noHK ANU S M. BP OWN 


J»LVrE 1 






48 


\V. P. KELLEY, W. H. DORE AND S. M. BROWN 


PIATK 2 

'rm; SjRucn K\i. Ki,i-\iioNbiiii' oi Driu.Ki m C'l.w MixLRAib 



NATURE OF HASE-EXCHANGL MATERIAL 

W. P KILLEY, W. U DORL AM) S M BRfiW.V 


[•LVI'E 2 



49 




50 


W, ?. KKLT.EY, W. 11. DORK AND S. M. BROWN 


JM. VTK .4 

X-Ku [)IK] k\( I'K^N P\nrk\> oj- Di ntomo, and Soil ('oiioids \s \riL( riD i»v 

GRINJ>IN('. 

Tk;. 1. Tlic (.rystallinc structuic of luMiluniles as affiTtnl by 

Ik; 2. The crystalline structure of soil colloids as alTcTtc'd by f^rindin^. 



nati:kt-: OJ U XSK KXCHANGK material 

W. J* Kl 1 LI V, \\ h l>OkL \M» S. M UROWN 


PLVl'E 


FUmi Ionite 2 
Un^’roiind 


Don. tonlto £ 
Ground 



Dentonlto 7 
Un, Ton nd 



im^ 




colloid 431 
Oround 



Colloid 7083 
Uncround 


Colloid 7083 
Ground 


Colloid 3232 
Un^-Tound 




Colloid 3232 
Oround 


Colloid 11954 
Ur< oround 


Colloid 11 '^^4 
Ground 








52 


W. ?. KICIXKY, W. II. DORE AND S. M. BROWN 


PLATE 4 

X-K\v DiFuncrio.N Patti rns oi- linsTONnic and Soil Colloids as Am’j:i tld hy Bvse- 

Ri:pl\0':mlxt 

Eio 1. Crysliillinc structure of bentonite as affected by I»asc replacement. 

Pic. 2. CVystalline structure of soil colloids as affected by base leplacement. 



NATURE OF RASE EXCHANGE MATERIAL 

\V. V KH.LFY, W H. DORF AND S, M. DROWN 


l>LA'i'E 4 






54 


\V. V. KKM.KY, W. I!. DDKK AND S. M. BROWN 


l*LA'rK 5 

Krrrc’T of Hi.\i ov nn (’kvsiMiiNF Srki f ii ki oj JDmomii 



NATITRK ()I IJA'-K rXl’IIANdK M VI FRl \L 

\V. 1» Kr,Ill\,\V H [Mini \M» S, \1 UKOWN 


TL \Ti: 5 


- Bontonlto 

No. 7 


Bt?ntonlto 7 

Hentfi 350 ° c. 


Bentonite 7 
Heotod 450^ C, 


Bentonite 7 
Heated 600° C. 


I 

I 

I 



Bentonite 7 
Heated 700° 





THE LAWS OF SOIL COLLOIDAL BEHAVIOR: IV. ISOELECTRIC 

PRECIPITATES' 

SANTE MATTSON 

New Jersey Agricultural Experiment Station 
Received for pubUcation April 19, 1930 

In the preceding section (Part III) of this series the isoelectric precipitates of 
aluminum and ferric ^^hydroxides/^ “phosphates/* and “silicates** were dis- 
cussed. In the present paper we shall deal with another class of isoelectric 
precipitates which are no less important for an understanding of soil processes, 
the so-called “humates.** 

The soil organic matter known as humus possesses acidic or acidoid proper- 
ties, combining with bases to form “humates.** These substances have been 
subjected to an extensive physico-chemical investigation by Oden (6), who 
regards them as true acids in contradistinction to the adsorption theory of Bau- 
mann and Gully (1). Whether the acid nature of humic substances is due to 
replaceaole carboxyl hydrogen, or to hydroxyl hydrogen as in the phenols, or to 
hydro-carbon hydrogen as in aceto-acetic and malonic ester, or to the hydrogen 
of the water activated through a fixation of the hydroxyl group, is of no 
significance for our present study. 

Humus combines with, and neutralizes bases, and resembles in this and other 
respects silicic, oleic, and other weak acids. It is also distinctly electronegative, 
migrating toward the anode in a solution of any pH. It is readily dispersible 
when free from electrolytes. The alkali “humates** are extremely disper- 
sible, bordering on true solution if not actually attaining it. The “humates** 
of the divalent cations are not so highly dispersible. All are electronegative. 
The aluminum and ferric “humates,** which are our present object of study, are 
amphoteric, and are non-dispersible at or near the iso-electric point but become 
highly dispersible with increasing positive or negative charge. 

The neutralizing equivalent (and cation exchange capacity at the point of 
neutrality) of the humus acids is very high — about three times higher than that 
of the highly silicated mineral soil colloids such as bentonite, the equivalent of 
which is about 1 ,000 gm. (per gram equivalent base) . Oden found the equiva- 
lent for “humic acid** to be about 330. For “hymatomelanic acid** (the alco- 
hol-soluble component) he found a value of 220 by the use of various methods 
7). For a sample of “humic acid** prepared according to the method of Oden, 
the author found an exchange capacity of 3.064 milliequivalents per gram, 

i Journal Series paper of the New Jersey Agricultural Experiment Station, department of 
soil chemistry and bacteriology. 
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which yields an equivalent of 326. There seems therefore to be a remarkable 
constancy in the neutralizing power of this complex. Where the more inactive 
‘humin"' (humuskohle) colloids were not separated from the alkali “humate” 
(by flocculation with NaCl) Oden found a higher equivalent. “Humic acid” 
from young peats shows a lower equivalent because of the presence of pectinic 
acids, A lower equivalent is also found whenever the “hymatomelanic acid”N 
is not separated. For Merck's “acidum huminicum” Oden found equivalent 
weights between 200 and 300, ‘‘Raw humic acid” yielded values between 
250 and 400 according to its origin. 

Regarding the constitution of the humus complex we know nothing. Which 
of, and to what extent, the various organic constituents known to be present 
in the colloid are responsible for its acid nature is of the greatest impor- 
tance for our present study. Since iht relative proportions of these com- 
ponents vary with the nature of the original plant material, with the stage 
of transformation, and with the climatic and microbiologic conditions, under 
which the material is formed, it is obvious that there can be no constant equiv- 
alent for the humus colloid as a whole. 

In the following experiments the total alkali dispersible colloid was employed. 
In experiments now in progress an attempt is being made to study the various 
components of humus from the colloid chemical standpoint. The various com- 
ponents of humus reported as “hemicellulose,” “cellulose,” and “lignin” may 
be very different from the corresponding materials present in the original plants 
in which they were synthesized. Oxidation and reduction, substitution and 
addition derivatives, and lactone formation would result in combinations 
possessing very different properties. It must be remembered that in the meth- 
ods of analysis now in vogue, these delicately complex and reactive materials 
are subjected to such a drastic treatment that any conclusion as to their 
original make-up is extremely hazardous, 

PREPARATION OF “Nr-HUMATE” 

The peat from which the humus colloid was obtained was supplied by Dr. 
C. E. Skinner whose description of the material reads: 

Black spruce bog, Lewis Township, Mille Lacs County, Minnesota; pH 4.0 or below, ash 
low (about 5 per cent), stratum of black spruce and tamarack; shrub stratum of Ledum, 
lowest stratum of living sphagnum. This is a true sphagnum bog, but is underlaid with 
remains of sedge peat. It is an uncultivated virgin bog. 

Two kilos of the moist peat were digested with 1,250 cc. strong ammonia in 
18 liters of distilled water, shaken, and let stand for two months. The liquid 
was then siphoned off from the sediment and acidified with a large excess of HCl. 
The precipitate was then washed on the filter until the colloid started to dis- 
perse freely. It was then placed in a large electrodialy^is cell, the central 
compartment of which measured 10 by 13 inches and | inch in thickness. 
The cell was put in a 110 volt D.C. circuit in series with three 100-watt lamps 
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placed in parallel. The current was about 2 amperes at the beginning and fell 
to a fraction of an ampere at the end of three days when the diffusible ions were 
practically all removed. 

A sample of the electrodioalyzed humus, which yielded 1.12 per cent ash, was 
then treated on the filter with a normal solution of neutral Ca-acetate until 
the filtrate gave a neutral reaction, and then once with CaCb. It was then 
washed until tht Cl-ion reaction disappeared. The Ca was now displaced with 
normal NH4CI and the Ca determined in the filtrate. The base exchange 
capacity was 2.857 milliequivalents per gram, which gives an equivalent weight 
of 350. 

A ‘‘Na-humate” solution was now prepared by adding 100 cc. N NaOH to a 
suspension containing 35 gm. dry weight of the electrodialyzed humus and 
diluting to 1 liter. This makes a 0. 1 iV solution of Na-humate with respect to the 
Na ion. 


THE ISOELECTRIC “lIUMATES” OF ALUMINUM AND IRON 

A series of these precipitates were prepared by mixing varying proportions of 
‘ Wa-humate” with aluminum and ferric chlorides as described in the preceding 
section (part III: Isoelectric precipitates) in this journal. The pH was ad- 
justed to the isoelectric point by adding NaOH to the Na-humate or HCl to the 
chlorides, as the case required, before the mixing of these solutions. The re- 
sults arc shown in tables 48 to S3b. 

Starting with a mixture of three milliequivalents of Aids to three of Na- 
humate, as in table 48, we see that the system remains electronegative over the 
entire range of pH values, which covers the zone of most rapid flocculation. If 
we assumed that each equivalent of ‘^humate” displaces quantitatively one 
equivalent of Cl, we would expect the complex with the aforementioned propor- 
tions to remain electronegative because the humate ion would probably not be 
dissociated by the complex. The humate systems differ from the silicate and 
phosphate systems in that the humus, which is colloidal, is completely precipi- 
tated with the aluminum and ferric ‘‘humate^' complex, leaving, in all cases, a 
colorless solution. But it is very doubtful whether all the humus combines 
with the metal ions. We are probably dealing with an equilibrium reaction 
similar to the reactions with the phosphate and silicate. Since the free humus 
is carried down with the precipitate there is no direct way of telling to what 
extent combination takes place, but, as we shall see later, this information 
comes in an indirect and very interesting way (section V). 

The OH ions undoubtedy compete with the humate as with the phosphate 
and silicate ions and the diffusible Cl ions probably persist in the complex up to 
fairly high pH values. The fact that the complex in table 48 remains negative 
must be due to the condition that the anionic dissociation of the Cl ions is more 
than balanced by the cationic dissociation of the free humus complex. 

Passing now to a proportion of six milliequivalents of A1 to three of the hum- 
ate, as in table 49, we note that the complex becomes isoelectric between a pH 
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5.0 and 4.2, is weakly positive at 4.2 and returns to the isoelectric conditions 
again at a pH of 3.8. At still lower pH values it remains weakly native. We 

TABLE 48 


The AlCli + Na-humate, system no, 51 

A. 1.0 millimol AlCli in 1,000 cc. 

B. 3.0 miUimols Na-humate in 1,000 cc. 








SOLUTION A, 

20oc. + HCI 

IfllXlMOLS* 

SOLUTION B 

flocculation: 


pH 

After mixing 

Overnight 

0.0 

CC, 

20 

Slow 

XX 



0.005 

20 

Instant 

xxxx 

-1.26 

4.5 

0.01 

20 1 

Instant 

xxxx 

-1.00 

4.2 

0.03 

20 

Instant 

xxxx 

-0.53 

3.7 

0.05 

20 

Instant 

xxxx 



. . . 

0.10 

20 

Rapid 

xxxx 

-0.49 


0.15 

20 

Rapid 

xxxx 


. . . 

0.30 

20 

Rapid 

xxxx 

-0.23 

... 


* Plus enough water to make a total volume of 50 cc. 


TABLE 49 

The AlCh + Na-htmakt system no, 52 


A. 2.0 miUimols AlCIi in 1,000 cc. 

B, 3.0 miUimols Na-humate in 1,000 cc. 


solution A, 

20 cc. H- HCl 

IIILLIMOLS 

SOLUTION B, 

20 cc. -f NaOH 

mLLlHOLS 

flocculation: 

M/sec. 

1 volt/cm 

pH 

After mixing 

Overnight 

0.0 


0 

0 


. . . 

0.0 


0 

X 


. . . 

0.0 

0.060 

Rapid 

XXX 

-1.95 


0.0 

Mmm 

Instant 

xxxx 

-0.38 

5.0 

0.0 


Instant 

xxxx 

+0.18 

4.2 

0.0 

0.0 

Instant 

xxxx 


3.8 

0.05 

0.0 

Rapid 

xxxx 

-0.15 


0.15 

0.0 

Rapid 

xxxx 



0.30 

0.0 

Rapid 

xxxx 

-0.23 

... 


Isoelectric mixture: 

2.0 miUimols AlCli in 1,000 cc. 

3.0 miUimols Na>humate + 1.65 mUUmols NaOH in 1,500 cc. 
pH 4.5. 

AlaOg in solution: 0.195 mUUmol. 

Humus in solution: None. 

Composition of floe: ^ ® ^-305 gm. humus per miUimols AlaO*. 

0.805 miUimhl AlA 

have here hit upon a proportion in which the amphoteric character of the 
complex is just developing. There are here two isoelectric points. There is 
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just a slight dip across the isoelectric line and then a return to the negative 
condition, as it is shown in figure 8. 

This return to the negative condition was not observed in the aluminum and 
ferric “phosphates^^ and ‘‘silicates/* The reason for this difference in behavior 
is to be sought in the colloidal nature of the humus complex itself. When 
the pH in the phosphate and silicate system is lowered these complexes be- 
come increasingly electropositive because the diffusible Cl ions, highly dissoci- 
ated by the complex, enter in ever-increasing numbers until the complex under- 
goes a complete molecular and ionic dispersion. Neither the anions nor the 
cations remain colloid-dispersed [except in concentrated silicate systems where 


TABLE so 


The AlCh + Na-humate, system no. 53 


A. 4.0 millimols AlCU in 1,000 cc. 

B. 3.0 miUimols Na-humate in 1,000 cc. 


SOLUTION A 

SOLUTION B, 

20 cc. + NaOII 

flocculation: 

1 vo!t/cm. 

pH 

MILLIUOLS 

After mixing 

Overnight 

CC. 

20 

0.19 

0 

X 



20 


Rapid 

xxxx 

-1.38 

5 8 

20 

0.16 

Instant 

xxxx 

1 ■fO.84 

4.75 

20 

0.14 

Instant 

xxxx 

■fl.18 

4.5 

20 

0.12 

Instant 

xxxx 

+ 1.18 

4.4 

20 


Instant 

xxxx 

+1.02 

4.3 

20 


Instant 

xxxx 1 

+0.80 

4.2 

20 

0.0 

Instant 

xxxx 

+0.34 

3.8 


Isoelectric mixture: 

4.0 millimols AlCli in 1,000 cc. 

3.0 millimols Na-humate -f- 8.38 millimols NaOH in 1,500 cc. 
pH 5.15. 

AIjOi in solution: 0.029 millimol 
Humus in solution: None. 

^ .. 1.05 gm. humus ^ 

Composition of noc: — ■ ■ , / = 0.533 gm. humus per millimols Al20a. 

1 .97 1 millimols AlsOi 


a decrease in the positive or an increase in the negative charge of the remaining 
complex may be observed at low pH values (5)]. 

In the humate systems, in which the negative component is almost wholly 
colloidal, the effect of a lowering of the pH will be in two directions. The 
amphoteric sesquioxide component will become more strongly electropositive 
as the number of Cl ions in combination increases and the positive charge of 
the complex will therefore increase at first. But as the solubility of this compo- 
nent increases with the chloridation it becomes quantitatively weaker and the 
complex as a whole will grow less positive or more negative because the nega- 
tive component (humus) remains colloid-dispersed in the complex. 







TABLE 51a 


The AlCh + Na^humate, system no, 54 


A. 8.0 miUimols AiCU in 1,000 cc. 

B. 3.0 millimols Na-humate in 1,000 cc. 


SOLUTION A 

SOLUTION B, 

20 CC- + NaOH 

flocculation: 

/A/sec. 

1 volt/cm. 

pH 

MILLIMOLS 

After mixing 

Overnight 

CC. 

20 

0.44 

0 

X 



20 

0.42 j 

Rapid 

XXX 

-1.90 

. . . 

20 

0.40 

Instant ! 

xxxx 

-0.98 

6.1 

20 

0.38 

Instant 

xxxx 

+1.44 

4.8 

20 

0.36 

Instant 

xxxx 

+2.16 

4.5 

20 

0.34 

Instant 

XXX 

+2.16 

4.4 

20 

0.32 

Instant 

XXX 

+2.02 

4.35 

20 

0.20 

Instant 

XXXX 

+ 1.90 

4.3 

20 

0 0 

Instant 

xxxx 

+0.67 

3.8 


Isoelectric mixture: 

8.0 millimols Aids in 1,000 cc. 

3.0 millimols Na humate -f 19.6 millimols NaOH in 1,500 cc. 
pH 5.5. 

AlsOs in solution: 0.039 millimols. 

Humus in solution: None. 


Composition of floe : 


1.05 gm. humus 
3.961 millimol AljOt 


0.265 gm. humus per millimol A1*0». 


TABLE 51b 

The FeCl% + Na-humale^ system no. 55 


A. 8.0 miUimols FeCU in 1,000 cc. 

B. 3.0 millimols Na^humate in 1,000 cc. 



SOLUTION B, 

1 flocculation: 

fi/aec. 

1 volt/cm. 


soLtmoN A 

20 CC. + NaOH 



pH 

MILLIMOLS 

After mixing 

Overnight , 

ce. 

20 

0.44 

0 

1 

X 



20 

0.42 

Rapid 

XXX 

-2.33 

6.0 

20 

0.40 

Instant 

xxxx 

-1.00 

5.1 

20 

0.38 

Instant 

xxxx 

+0.87 

4.0 

20 

0.36 

Instant 

xxxx 


3.5 

20 

0.34 

Instant 

xxxx 

+2.02 

3.3 

20 

0.30 

Rapid 

xxxx 


. . . 

20 

0.20 

Slow 

xxxx 

+1.89 

. . . 

20 

0.10 

Slow 

xxxx 


... 

20 

0 0 

Rapid 

XXX 

+1.60 



Isoelectric mixture: 

8.0 millimols Fed* in 1,000 cc. 

3.0 millimols Na-humate + 19.46 millimols NaOH in 1,500 cc. 
pH 4.55. 

FesQt in solution: 0.212 millimol. 

Humus in solution: None. 

Composition of floe : ® 0.277 gm. humus per millimol Fe20s. 

^ 3.788 millimols Fe 2 Qi 
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The two isoelectric points in table 49 differ electrokinetically as follows: At 
the first point, pH 4,5, the electropositive component is quantitatively greater 
but qualitatively weaker than at the second point, pH 3.8. The total number 
of positive charges is not necessarily the same, because the cationic dissociation 
of the humus complex undoubtedly varies with the pH. It is generally main- 
tained that the tri-valent cations are responsible for the positive charge. If 
this were so then the positive charge should increase as these cations become 
more numerous with a lowering of the pH. 


TABLE 52a 


The AlCh -f Na-humaU, system no, 56 

A. 10.0 millimols AlCU in 1,000 cc. 

B. 2.0 millimols Na-humate in 1,000 cc. 


SOLUTION A 

SOLUTION B, 

20 CC. 4- NaOH 

flocculation: 

M'^sec. 

1 volt/cm. 

pH 

IHLLIMOLS 

After mixing 

Overnight 

CC. 

20 

0.58 

0 

X 



20 

0 56 

Slow 

XXX 

~2 02 

7.0 

20 

0 54 

Instant 

xxxx 

-0 76 

6 6 

20 

0.52 

Instant 

xxxx 

+1.78 

S.S 

20 

0.50 

Instant 

XXX 

+1 00 


20 

0.48 

Rapid 

XX 

+2 00 


20 

0.46 

0 

X 



20 

0 44 

0 

X 



20 

0 40 

0 

X 



20 

i 0 30 

0 

X 



20 

0.20 

Rapid 

XX 

+2 16 


20 

0.10 

Instant 

XXX 

+1 84 

4.1 

20 

0.0 

Instant 

xxxx 

+0.76 

3.7 


Isoelectric mixture; 

10.0 millimols AlCh in 1,000 cc. 

2.0 millimols Na-humate + 26.7 millimols NaOH in 1,500 cc. 
pH 6.2 

AbOa in solution : None. 

Humus in solution: None. 

0.70 gm. humus 

Composition of iioc ; ; = 0.140 gm. humus per millimol AbOi. 

5.0 milbmols AbOi 


The analysis represents the first isoelectric point. The composition of the floe 
is expressed in the number of grams of humus per millimol sesquioxide. To 
express the humus in milliequivalents would be meaningless, for even if we 
accept the base exchange value as the equivalent, the ratios would be mislead- 
ing since the humus is quantitatively precipitated whether in combination or 
not. 

In table 50 we have only one isoelectric point within the range covered. 
But as noted by the migration velocities and by the corresponding curve in 
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figure 8 a displacement toward a seond isoelectric point is evident. The greater 
proportion of A1 expresses itself in a higher isoelectric pH (5.15) and in a 
stronger positive charge at lower pH values. There is, however, as yet no 
tendency to form a stable positive sol. 

In table 51a with' a proportion of 24 milliequivalents of AlCla to 3 of Na- 
humate the isoelectric pH has climbed to 5.5. On the positive side there is a 
high maximum charge and then a gradual decline. There is here some tendency 
to stability as indicated by XXX on the positive side. 

TABLE 52b 

The FeCh + Na-humaU, system no, 57 


A. 10.0 millimols FeCU in 1,000 cc. 

B. 2.0 millimols Na~humate in 1,000 cc. 


SOLUTION A 

SOLUTION B, 

20 CC + NaOH 

flocculation: 

m/scc. 

1 volt/cm 

pH 

MILLIMOLS 

After mixing 

Overnight 

CC. 

20 

0.58 

Slow 

X 



20 

0.56 

Instant 

xxxx 

-2.52 

6.5 

20 

0.54 

Instant 

xxxx 


5.4 

20 

0.52 

Instant 


+1.26 

4.0 

20 

0.50 

Instant 

xxxx 

+1.68 

3.6 

20 

0.48 

Rapid 


+2.02 

3 3 

20 

0.46 

Slow 

XXXX 

+2.16 

3.2 

20 

0.40 


XXXX 

+2.16 


20 

0.30 


xxxx 

+1.90 

, . . 

20 

0,20 

0 

xxxx 


. , . 

20 



xxxx 

+1.68 

. . . 

20 

0 0 

Slow 

XXX 

+1.60 

... 


Isoelectric mixture: 

10.0 millimols FeCls in 1,000 cc. 

2.0 millimols Na*humate + 27.0 millimols NaOH in 1,500 cc. 

pH 5.4. 

Fe20i in solution; 0.091 millimol. 

Humus in solution: None. 

^ .. 0.70 gm. humus ^ 

Composition of floe; *: -r — ■■ ■■■■■■ — = 0.141 gm. humus per millimol FeaOi. 

In table 51b the porportion of Fe is the same as the proportion of A1 in 51a. 
The same holds for tables 52a and b, and S3a and b. We meet here the same 
differences in the isoelectric pH values as in the chloridated and sulfated 
‘'hydroxides,'* the "phosphates," and the "silicates" (except the most highly 
silicated ones). The isoelectric pH of the ferric "humates" is considerably 
lower than that of the Al-^*humates." The comparison can best be shown in 
figure 8. Table 51b shows some tendency toward stability at very low pH 
values on the positive side, as seen in the "after mixing" column. The next 
day the flocculation was, however, "regular," in a single zone. Such differences 
are due to a "drift" in the charge and in the isoelectric point on standing. 
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In tables S2a and b, where the proportion is 30 milliequivalents chloride to 
2 of humate, the isoelectric pH has increased to 6.2 in the aluminum and to 5.4 in 
the ferric system. The positive charge reaches a high peak and the aluminum 
‘'humate” complex becomes quite stable between the pH values 5.5 and 4.1, 
giving rise to two zones of flocculation, the so-called ‘^irregular series.’’ After 
being mixed, the ferric ‘‘humate” shows stability below a pH of 3.2, but this is 
only a transient effect, for the following day the flocculation was continuous. 

In tables 53a and b, with a ratio of 30 milliequivalents chloride to 1 of 
humate, the isoelectric pH is 6.8 for the aluminum and 5.95 for the ferric 

TABLE 53a 


The AlCh + Na-humate^ system no. 58 

A. 10.0 millimois AlCU in 1,000 cc. 

B. 1.0 millimol Na-humate in 1,000 cc. 


SULUTIOM A 

.SOLUTION B, 1 

20 CC H-NaOH 

flocculation: 

m/scc. 

1 volt/cm. 

pH 

MllXlMOLS 

After mixing 

Overnight 

CC. 

20 

0.60 

Slow 

XXX 

-2.00 

8.0 

20 

0.59 

Rapid 

xxxx 

-1.78 

7.8 

20 

0.58 

Instant 

xxxx 

i -1.58 

7.5 

20 

0.57 

Instant 

xxxx 

1 -1.16 

7.0 

20 

0.56 

Instant 

xxxx 

i +0.20 

6.7 

20 

0.54 

Slow 

xxxx 

+1.78 

5.8 

20 

0.52 

0 

X 


. . . 

20 

0 45 

0 

0 



20 

0 30 

0 

0 


. . . 

20 

0.15 

0 

0 



20 

0.0 

Rapid 

xxxx 

+0.88 

3.7 


Isoelectric mixture: 

10.0 millimois AlCIa in 1,000 cc. 

1.00 millimol Na-humate -f- 28.07 millimois NaOH in 1,500 cc. 

pH 6.8. 

AlsOa in solution: None. 

Humus in solution: None 

^ ^ 0.35 gm. humus ^ ^ 

Composition of uoc : j-** — ^77 ; — ~ — ~ 0.07 gm. humus per millimol AuOj. 

5.0 millimois AhOi 

“humate.” The stable zones on the positive side have now become perma- 
nent. It is of interest to note that where the stability of the aluminum humate 
ends, i.e., at pH 3.7, the stable condition of the ferric “humate” just com- 
mences. Such differences in behavior, if properly interpreted, must express 
themselves in the formation of the podzol horizons. 

Figure 8 brings out an interesting relationship between the electropositive 
maxima and the pH. In the case of the aluminum “humates” these maxima 
coincide with a pH of 4.4 to 4.5 whereas the ferric “humates” attain a maxi- 
mum positive charge at a pH between 3.2 and a slightly lower value. This 
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means that the amphoteric sesquioxide constituents attain, as colloids, a max- 
imum electropositive activity at these points, i.e., a maximum electrical neutral- 
izing power (5), Beyond these points, at still lower pH values, the sesquioxide 
constituent combines with more and more HCl and become undoubtedly more 
strongly electropositive, but true solution takes place here so rapidly that the 
total “electropositive quantity’’ in combination with the negative humus 
actually decreases, with the result that the complex as a whole becomes less 
positive. 

The pH of the maximum electropositive activity of the sesquioxideswill,of 
course, depend upon the nature of the diffusible anion. The aforementioned 

TABLE 53b 


The FeCl% + Na-humate^ system no. 59 

A. 10.0 millimols FeCli in 1,000 cc 

B. 1.0 millimol Na-humate in 1,000 cc. 


SOLUTION A, 

20 cc. + HCl 

MILLIMOLS 

SOLUTION B. 

20 cc. + NaOH 
MILLIMOLS 

flocculation: 

M/sec. 

1 volt/cm. 

pH 

After mixing 

Overnight 

0.0 

0.60 

Slow 

zx 

■■■Ill 


0.0 

0.58 

Instant 

xxxx 


6.7 

0.0 

0.57 

Instant 

xxxx 


6.2 

0.0 

0.56 

Instant 

xxxx 


5.7 

0,0 

0.54 

Rapid 

xxxx 


4.1 

0.0 

0.52 

Slow 

xxxx 


3.7 

0.0 

0.30 

0 

0 



0.0 

0.0 

0 

0 


. . . 

0.04 

0.0 

0 

0 


. . . 

0.10 

0.0 

Slow 

XXX 

-hi. 26 


0.40 

0.0 

Rapid 

xxxx 

-hi. 08 

... 


Isoelectric mixture: 

10.0 millimols FeCli in 1,000 cc. 

1.0 millimol Na>humate + 28.25 millimols NaOH in 1,500 cc. 
pH 5.95. 

FciOi in solution: 0.025. 

Humus in solution; None. 

0.35 gm. humus 

Composition of floe : 7 —;; — ■= 0.0704 gm. humus per millimol FesO|. 

4.975 millimols Fe20« 

results apply only to the chlorides. The ferric chloride, being more hydrolyzed, 
requires a higher acidity both for the electrical neutralization and for the posi- 
tive maximum of the humate complex. 

ISOELECTRIC ALUMINUM “pHOSPHO-HUMATE” AND “SILICO-HUMATES” 

The natural soil colloid complex being the product of the interaction between 
a number of different ions it seemed of interest to study the electrokinetic be- 
havior and the composition of the floe of a few, variously composed systems. 
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Tables 54 and 55 show how the phosphate and the humate ions and the 
silicate and humate ions compete in combining with the aluminum ion. We 
must however not lose sight of the OH and the Cl anions, since these are both 
present and both compete with the others for a place in the complex. Whereas 
in the preceding systems we were dealing with three different anions we shall 
here introduce four different anions, counting the humus complex as a single 
anion. 

In order to make the study as comparative as possible, the proportion of 
Aids to Na 2 HP 04 and to Na2Si08 was taken as in tables 35 and 38a, respec- 


TABLE 54 


The Al‘*phospho-humaie^^ system no. 60 


A. 5.0 millimols AlCb in 1 ,000 cc. 

B. 5.482 mirnmols Na 4 HP 04 +1 . . ™ 
2.0 millimols Na-humate / 


SOLOTXON A, 

20 cc + HCl 

XULLIUOLS 

SOLUTION B. 

20 cc -f NaOH 

MILLUCOLS 

tloccdlation: 


pH 

Alter mixing 


0.0 

■M 

0 

X 



0.0 


Slow 

XXX 

-1.84 

* . . 

0.0 


Instant 

xxxx 

-0.69 

4.4 

0.0 

0.04 

Instant 

xxxx 

+0.13 

3.8 

0.0 

0.02 

Instant 

xxxx 

+0.48 

3.5 

0.0 

0.0 

Rapid 

xxxx 

+0.41 

3.4 

0.10 

0.0 

Rapid 

xxxx 

+0.18 

3.1 

0.30 

0.0 

Rapid 

xxxx 

+ slight 

. . . 


0.0 

Rapid 

1 

xxxx 

— slight 

... 


Isoelectric mixture: 


5.0 millimols AlCl* in 1,000 cc. 

5.482 millimols Na 2 HP 04 

2.0 millimols Na-humate in 1,500 cc. 
2.15 millimols NaOH 


pH 3.9. 

PO 4 in solu tion : 1 . 838 millimols. 

AI 2 O 1 in solution: 0.088 millimol. 

Composition of floe: Al20t (p20«)o.74J 

In absence of humus (pH 5.6) : Al20a (P90&)o.7e8 [see table 35, part III ]. 


tively. In making any comparison it must, however, be remembered that the 
introduction of the humate modified the pH of the zone of flocculation as well 
as the isoelectric pH. The latter was, of course, lowered because of the addi- 
tion of an extra, strongly electronegative component, the humus. The tw'o 
milliequivalents of Na-humate lowered the isoelectric pH in the phosphated 
system from 5.6 to 3.9 and in the silicated system from 6.25 to 5.5. 

The electronegative effect of the humate is further seen in a recurrence of a 
maximum in positive charge between pH 3.8 and 3.4 in the phosphated system 
and between 4.5 and 4.2 in the silicated system. At still lower pH values the 
phosphated system again becomes isoelectric. 
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The composition of the isoelectric floe is interesting, for it shows, as might be 
predicted, that the ions displace one another. The displacement of the PO4 ion 
by the “humate’' is not very great but it is greater than it appears to be because 
at a pH of 3.9 the aluminum would, in the absence of the ‘‘humate,'' have com- 
bined with considerably more PO4 than was found in combination in the precip- 
itate, isoelectric at pH 5.6, This is made evident by an extrapolation of the 
aluminum ‘‘phosphate’* curve in figure 10. It must be remembered also that 
there was only 2 milliequivalents of “humate” to IS of AICI3 
The SiOs ion, on the other hand, is strongly displaced by the “humate.” 
From the aluminum “silicate” curve in figure 10, we see that, at a pH of 5.5 

TABLE ss 

The Al-^silico-kumate'* system no, 61 

A. 5.0 millimols AlCls in 1,000 cc. 

B. 6.713 millimols NajSiOi +\ . 

2.0 millimols Na-humate J 


SOLUTION A. 

20 cc. -f HCl 

SOLUTION B 

flocculation: 

m/scc. 

1 volt/cm. 

pH 

lUJLLXUOLS 


After mixing 

Overnight 

0.0 

CC, 

20 

0 


m 


0.02 

20 

Slow 

XXX 


. . . 

0.03 

20 

Instant 

xxxx 


6.3 

0.04 

20 

Instant 

xxxx 


5.9 

0.05 

20 

Instant 

xxxx 

+1.00 

4.9 

0.06 

20 

Instant 

xxxx 

+1.26 

4.5 

0.08 

20 

Instant 

xxxx 

+1.60 

4.3 

0.10 

20 

Rapid 

xxxx 

+1.32 

4.2 

0.20 

20 

Rapid 

xxxx 

+1,26 

4.1 


Isoelectric mixture: 

5.0 millimols AlClj *4” 2.18 millimols HCl in 1,000 cc. 

6.713 millimols NasSiOi + 2.0 millimols Na-humate in 1,500 cc. 

pH 5.5. 

Si02 in solution: 4.636 millimols. 

AI2O* in solution: trace. 

Composition of floe: AhOt (Si02)o ss. 

In absence of humus (pH 6.25) : AI3O1 (SiOs)! es [see table 38a, part III). 

there should be about 2.20 mols Si02 per mol AI2O3 in the isoelectric precipi- 
tate. The addition of two millimols of Na-“humate” has reduced tlie Si02 
content in the isoelectric precipitate to 0.83 mols per mol AWa. 

This fact is of the greatest significance in relation to the de-silication of the 
soil complex in the process of podzol formation. That this displacement of 
SiOs by humus takes place in nature is shown by the work of Tamm (7). His 
figures would, however, have been more valuable from this point of view if the 
analyses had represented the colloidal fraction separately. The author would 
like to emphasize the importance and necessity of determining the composition 








LAWS OF SOIL COLLOIDAL BEHAVIOR: IV 


69 


of the colloidal fraction of soils as represented by the products of hydrolytic 
decomposition, i.e., the synthetic colloidal complex as distinguished from 
crystalline fragments (rock flour). For this purpose it would be desirable to 
work with fractions below 0.2^ in diameter. This is deemed absolutely 
necessary if we are going to learn anything about the formation and degradation 
of this complex under natural conditions and about the development of soil 
horizons. The complete analysis of a soil is of little or no value in a study of 
this kind. Saturated with sodium most soil colloids will readily disperse to 
dimensions below 0.2^ and can be separated with the supercentrifuge. 

ISOELECTRIC ALUMINUM AND FERRIC “PHOSPHO-SILICATES” 

Tables 56a and b and 57a and b show the influence of the PO4 and SiOs ions 
when present in the same system with AICI3 and FeCIj. 

Since these experiments were not carried out with the same proportions of 
phosphate and silicate as in the single systems no direct comparison can be 
made. But the quantities of AICI3 and FeCb were kept at 5 millimols as 
before. We may therefore compare the composition of these precipitates with 
the composition — concentration curves in figure 6 (part III) and with the com- 
position— pH curves in figure 10, which represent the single ‘‘phosphates” and 
“silicates.” 

The comparison brings out that the PO4 ion causes a very extensive displace- 
ment of the silicate ion. We should therefore expect the soil colloidal complex 
formed from phosphatic rocks to possess a high PO4 content and to be corre- 
spondingly low in Si02. A more or less highly phosphated and desilicated 
complex must also result when phosphatic solutions, as in the leachings from 
guano beds, react with the products of rock w^eathering. The PO4 ion must 
enter to some extent in all soil colloids since both ground water and sea water 
contain this ion in small but, if the displacing power is considered, appreciable 
quantities. 

Clarke (2) gives a table of analysis of phosphatic deposits from different parts 
of the world. The average percentage composition of six samples is as follows: 
P2OB, 39.0; Si02, 4.2; AI2O3, 20.5; and Fe203, 6.6. The other constituents are 
here ignored. In mols PaOs and SiOa per mol AI2O3 + FeaOs we find the follow- 
ing average composition: 


R2O4 • (p 30 fi)l.l 4 • (SiO*)o.2» 

which is something of the same order of combination as the aforementioned 
isoelectric ‘ ‘phospho-silicates. ' ^ 

It would obviously be absurd to express materials of such complex composi- 
tion in the form of a simple stoichiometric formula, as the mineralogist often 
delights in doing. When this fails the material is declared “impure.” The 
author would like to ask which part of the complex is to be considered as impur- 
ity? From the foregoing it is quite evident that there are any number of 
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silicated, phosphated, hydroxylated, humated, sulfated, — complexes; a differ- 
ent one in each sample of soiL^ 

Returning to a discussion of the tables we note by a comparison with the 
curves in figure 6 and 10 that the SiOa ion does not displace the PO 4 ion to any 
apparent degree. In fact if we plot the phosphate content in the floe, and the 
end concentration as in figure 6 , we find that the presence of the silicate has 
caused more of the PO4 ions to combine. The same phenomenon was observed 
by Ghosh (3) who found that a mixture of alumina and silica gel adsorbed a 
maximum amount of PO4 from Ca(H 2 P 04)2 when the gel contained 30 per cent 
Si02. This anomaly will be reserved for further discussion in connection with 

TABLE 56a 

The aluminum ^^phospho^^ilicaki** system no. 17 

A. 5.0 millimols AlCh in 1,000 cc. 

B. IS.O miUimols Na 2 SiOi -f 10 millimols HjPOi in 1,000 cc. 


SOLUTION A 

SOLUTION B 

FLOCCULATION: 

M/sec. 

1 volt /cm. 

pH 

After mixing 

Overnight 

CC. 

CC. 





20 

9.0 

Slow 

xxxx 


4.4 

20 

9.2 

Instant 

xxxx 

+0.89 

5.2 

20 

9,4 

Instant 

xxxx 

+0.23 

5 5 

20 

9.6 

Instant 

xxxx 

-0.36 

5.7 

20 

10.0 

Instant 

xxxx 

-0.92 

5.9 

20 

11.0 

Opal 

xxxx 


... 


Isoelectric mixture: 

5.0 millimols AlCli in 1,000 cc. 

7.125 millimols NaaSiOs -f- 4.75 millimols HjPOi in 1,500 cc. 

pH 5.6. 

SiO} in solution: 6.796 millimols. 

PO 4 in solution: 0.941 millimol. 

Composition of iloc: AljOs (Si02)o 112 (P20»)o.7e3. 

the adsorption of anions and cations by the various isoelectric precipitates at 
various H-ion concentrations (section VI). 

A GRAPHIC REVIEW OF THE ISOELECTRIC PRECIPITATES 

Figures 8, 9, and 10 give a graphic representation of the relationship between 
the electrokinetic behavior, the pH, and the isoelectric composition. 

Figure 8 shows the direction and speed of electrical migration of aluminum 

’ In view of this fact the recent announcement of **the origin, nature and isolation of the 
inorganic base exchange compound in soil” ( 8 ) loses in signihcance, although the announce- 
ment has been widely heralded in the press as a discovery of the greatest importance. Any 
criticism would, however, be premature because thus far only the title of this paper has been 
published in a scientific journal. 
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and ferric ^'humates’’ at various H-ion concentrations. The figure on each 
curve indicates the number of grams of humus precipitated with each millimol 
sesquioxide at the isoelectric point. 

Figure 9a shows the electrokinetic behavior at various pH values of: (a) 
aluminum ‘‘hydroxide” precipitated from the chloride; isoelectric composition: 
0.0048 milliequivalent Cl per millimol AI 2 O 8 , (6) aluminum “hydroxide” from 
the sulfate; isoelectric composition: 0.0737 millimol SO4 per millimol AbOa, and 
(c) three aluminum “silicates,” isoelectric composition as indicated. 

Figure 9b: (a) ferric ‘^hydroxide” from ferric chloride; isoelectric composi- 
tion: 0.0052 milliequivalent Cl per millimol Fe 203 , and (b) three ferric “sili- 
cates;” isoelectric composition as indicated. 

TABLE 56b 

The ferric **phosph(hsUicatef' system no, 18 


A. 5.0 millimols FeCli in 1,000 cc. 

B. 15.0 millimols NaaSiOs + 10 millimols HtP 04 in 1,000 cc. 


SOLUTION A 

SOLUTION B 

flocculation: 

M/sec. 

1 volt/cm. 

pH 

After mixing 

Overnight 

CC, 







8.2 

Opal 

1 0 



• . . 


8.4 

Slow 

xxxx 

4-1.44 

3.8 


8 6 

Instant 

1 

xxxx 

4-1.21 

4.0 


8 8 

Instant 

xxxx 

4-0.64 

4.2 

20 

9.0 

Instant 

xxxx 

— slight 

4.6 


9.2 

Instant 

xxxx 

-0.82 

5.0 

20 

9.4 ! 

Rapid 

xxxx 


. . . 

20 1 

10.0 1 

Opal 

0 


... 


Isoelectric mixture: 

5.0 millimols FeCU in 1 ,000 cc. 

6.75 millimols NasSiOj + 4.5 millimols H 1 PO 4 in 1,500 cc. 

pH 4.2. 

SiOs in solution : 6.535 millimols. 

PO4 in solution: 0.299 millimol. 

Composition of floe: Fe 209 (Si 02 )o,o 87 (PaOft)o 940 . 

Figure 9c shows the relation between the pH and the charge of three alumi- 
num ‘‘phosphates” and one ferric “phosphate” isoelectric composition as indi- 
cated. The corresponding tabulations will be found in part III. 

Figure 10 shows the relation between the pH and the isoelectric composition 
of the different precipitates. 

THE SESQUIOXIDE-SOIL COLLOID SYSTEMS 

The various soil colloids can be isoelectrically flocculated together with the 
sesquioxides in exactly the same manner as the humus colloid. The reaction 
of the AlCb and FeCb with the mineral soil colloids, however, differs quantita- 









TABLE 57a 


The aluminum *^phospho-sUicate^^^ system no, 21 


A, 

B. 


5.0 millimols AlCb in 1,000 cc, 

7.5 millimols Na^SiOa 
5.114 millimols NasHP04[ in 1,000 cc. 
15.0 millimols NaOH 


SOLUTION A 

SOLUTION B 

flocculation: 

M/sec. 

1 volt/cm. 

pH 

After mixing 

Overnight 

■BH 

«. 1 






6.9 i 

Opal 

0 


. . . 


6.95 

Opal 

XX 


. . . 


7.0 

Instant 

xxxx 

+0.82 

6.4 


7.1 

Instant 

xxxx 

iO.O 

6.6 


7.2 

Instant 

xxxx 

--1.21 

6.8 


7.5 

Opal 

0 


... 


Isoelectric mixture: 


5.0 millimols AlCU in 1,000 cc. 

2.663 millimols Na^SiOa 1 

1.816 millimols Na^HPOi^ in 1,500 cc. 

5.325 millimols NaOH j 
pH 6.7. 

SiOa in solu tion : 1 . 747 millimols. 

PO4 in solution: 0.050 millimol. 

Composition of floe: Al20a(SiOa)o.ae8(p20&)os5>. 


TABLE 57b 

Tfie ferric '^phospluhsilicate^** system no, 22 

A, 5.0 millimols FeCli in 1,000 cc. 

B. 7.5 millimols NasSiOi ) 

5.114 millimols Na2HP04} in 1,000 cc. 
15.0 millimols NaOH J 


SOLUTION A 

SOLUTION B 

flocculation; i 

At/sec. 

1 volt/cm. 

pH 

IIIQ2SES3I 

Overnight 

CC, 

CC. 

j 





6.7 

Opal 

XX 


. . . 


6.8 

Instant 

xxxx 

+1.68 

4.8 


6.9 

Instant 

xxxx 

-0.95 

6.2 


7.0 

Instant 

xxxx 

-1.78 

6.45 


7.1 

Rapid 

xxxx 

-2.02 

6.65 


BBBI 

Opal 

0 


.... 


Isoelectric mixture: 

5.0 millimols FeCli in 1,000 cc. 

2.576 millimols NaaSiOi 1 

1.766 millimols NaaHPOa^ in 1,500 cc. 

5.152 miUimols NaOH j 
pH 6.4. 

SiOa in solution: 2.012 millimols. 

PO4 in solution: 0.045 millimol. 

Composition of floe; Fef09(SiOa)o.tM (PtOi)o444. 

72 






















LAWS OF SOIL COLLOIDAL BEHAVIOR: IV 


73 


lively from the reaction of these compounds with the humus complex, and the 
various mineral soil colloids show great quantitative differences among them- 
selves. The combining power of the humus with bases is, as already stated, 
much greater than that of the mineral soil complex, even when the latter is highly 
silicated. The humus is therefore more highly electronegative and requires 
more of an electropositive component for electrical neutralization. 

The mineral soil complexes vary greatly in “electronegativity” depending 
upon the degree to which they are silicated or, more generally, upon the degree 



/•/y 

Fig. 8. The Relation Between the pH, te® Sign or Chakge, the Migration Velocixt, 
AND THE Ratio or Gram Huicds to Miiuuol Sesquioxide in a Series or 
AunmuTM and Ferric “Hujiates” 

to which acid radicals exist in (partial) combination in the insoluble alumino or 
ferric complex. If highly silicated, the soil complex will precipitate isoelectri- 
cally, at a given pH, with a much greater porportion of sesquioxide than if it is 
only slightly silicated. The highly silicated complexes are not by themselves 
amphoteric but require, like the humus complex, a definite proportion of sesqui- 
oxide to form an amphoteric complex. With the minimum quantity of sesqui- 
oxide the isoelectric pH is low, but becomes progressively higher as the propor- 
tion of sesquioxide is increased, just as in the case of the humus complex. Soil 
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complexes of a low silication, e.g., a siUca/sesquioxide ratio below 2.0, are by 
themselves amphoteric and any introduction of additional sesquioxide will only 
result in a higher isoelectric pH. 

In order to show the general behavior of the sesquioxide-soil colloid systems, 
and for future reference in connection with the laws governing ion adsorption 



Fig. 9. The Relation Between the pH, the Sign of Charge, and the Migration 
Velocities of “Hydroxides,” “Siucates,” and "Phosphates” of 
Aluminum and Iron 

The “silicate” and “phosphate” formulas refer to the isoelectric composition. 

and exhange, table 58a and b are here appended. Bentonite was selected 
because of its strong electronegative character and high cation exchange 
capacity. One millimol sesquioxide was precipitated with 0.5 gm. bentonite, 
the isoelectric pH being 6.75 in the AlCls system and 6.5 in the FeCla system. 
Comparing this to the figures in table SO were the proportion of humus is nearly 
the same (0.533 gm. per millimol AI 2 O 5 ) we see that the “humated” sesquioxide 



TABLE 38a 

The AlClt -h befUonite, system no. 101 

A. 4.0 millimols AICli in 1,000 cc. 

B. 1.0 gm. bentonite in 1,000 cc. 


SOLUTION A 

SUSPENSION B, 
20 CC. + NaOH 

flocculation: 

M/SCC. 

1 volt/cm. 

pH 


MILLIMOLS 

After mixing 

Overnight 


0.28 

0 

X 

-2.44 



0.27 

Rapid 

XX 

-1.96 

. . . 


0.25 

Instant 

xxxx 

-1.54 

7.8 


0,24 

Instant 

xxxx 

-1.33 

7.3 


0.23 

Instant 

xxxx 

-0.38 

6.85 


0.22 

Instant 

xxxx 

+0.40 

6.6 


0.21 

Instant 

xxxx 

+1.01 

6.3 


0.20 

Slow 

xxxx 

+2.04 

5.8 


0.18 

0 

X 

+2.10 

4.6 


0 16 

0 

X 

+2.03 

4.4 


0.10 

Slow 

xxxx 

+ 1.79 

4.2 


Isoelectric mixture: 

4.0 millimols AlCU in 1,000 cc. 

1.0 gm. bentonite -h 11.75 millimols NaOH in 1,500 cc. 
pH 6.75. 

AlaOjin solution: None. 

Composition of floe : " « 0.5 gm. bentonite per millimol AbOa. 

2 nullimols AbOa 

TABLE S8b 

The FeCl% + bentonite ^ system no. 102 

A. 4.0 millimols FeCIi in 1,000 cc. 

B. 1.0 gm. bentonite in 1,000 cc. 


SOLUTION A 

SUSPENSION B, 

20 cc. -f NaOH 

flocculation: 

M/sec. 

1 volt/cm. 

pH 


MILLIMOLS 

After mixing 

Overnight 

CC. j 

20 

0.28 

0 

Z 

-2.34 


20 

0.27 

Slow 

zx 

-2.10 

. . . 

20 

0.26 

Rapid 

zxx 

-1.90 

8.0 

. 20 

0.25 

Instant 

xxxx 

-1.60 

7.3 

20 

0 24 

Instant 

xxxx 

-1.02 

6.9 

20 

0.23 

Instant 

xxxx 

=1=0. 0 

6.5 

20 

0.22 1 

Instant 

xxxx 

+1.05 

5.95 

20 

0.21 

Instant 

xxxx 

+1.79 

5.4 

20 

0.20 

Rapid 

xxx 

+2.06 

4.1 

20 

0.18 

Slow 

XX 

+2.16 

3.7 

20 

0.16 

Slow 

X 

+2.18 

3.2 

20 

0.10 

Rapid 

XX 

+1.96 



Isoelectric mixture: 

4.0 millimols FeCb in 1,000 cc. 

1.0 gm. bentonite + 11.5 millimols NaOH in 1,500 cc. 
pH 6.5. 

FeaOa in solution: None. 

1 gm. bentonite 

Composition of floe: - — -- — * ^-5 gm. bentonite per millimol FcjOa. 

2 millimols FeaO» 
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SANTE liATTSON 


has a much lower isoelectric pH (5. IS) than the ‘‘bentonated** sesquioxide. At 
the same pH the quantity of bentonite electrically neutralized by the aluminum 
would be very much greater than the quantity of humus so neutralized. The 
quantities would doubtless be in inverse proportion to the cation exchange 
capacity. 

t |We have employed the terms '^silicates/’ and “humates,” keeping in mind 
that the colloidal complex does not represent a combination of any one pair of 





Fig. 10. The Relation between the pH and the Isoelectric Composition of Aluminitm 
AND Ferric “Phosphates,” “Silicates,” and “Hxjmates” 

ions alone. The reaction between bentonite and the salts of aluminum and 
iron is apparently of the same nature as the reaction of these salts with the 
silicate and humate of sodium. The bentonite plays the part of the acid radi- 
cal, but it would obviously be mea^ngless to call the resulting complexes 
‘ ‘bentonates. ’ * There can be no doubt that the A1 and Fe valences partly inter- 
act with the free silicate valences in the bentonite. The new complex repre- 
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sents then a less silicated complex than that of the original bentonite. This will 
be brought out in the studies on ion adsorption and exchange. 

SUMMARY 

This, the second paper, on isoelectric precipitates, deals with the '‘humates,” 
‘^phospho-humates,’* ‘‘silico-humates,’’ and “phospho-cilicates” of aluminum 
and iron. 

The “humates” differ from the “silicates*’ and “phosphates” in that the col- 
loidal humic complex is quantitatively precipitated by the AICI3 and FeCls, in 
showing an electropositive maximum on the acid side of the isoelectric point 
and, where the proportion of humus is high, in having a second isoelectric point. 

The ferric “humates” are isoelectric at a much lower pH than the aluminum 
“humates” of corresponding composition. 

The humate ion, or ion complex, displaces the PO4 ion and, to a still greater 
extent, the SiOa ion. The PO4 ion strongly displaces the SiOa ion. There is no 
apparent displacement of the PO4 ion by the SiOg ion, for in the presence of the 
latter the proportion of the P2O0 in the complex increases somewhat. This 
anomaly may be due to the formation of an addition complex and will be dis- 
cussed later in connection with ion adsorption and exchange. 

The mineral soil colloid complexes react with aluminum and iron, forming 
isoelectric precipitates in exactly the same manner as the humus complex. 

REFERENCES 

(1) Baumann, A., AND Gxn.LV, E, 1910 Untersuchungen Uber die Humussauren. Mitteil, 

Bayer, MoorknUuranst. 4: 31-156. 

(2) Clahkk, F. W. 1911 The Data of Geochemistry. Washington, D. C. 

(3) Guosfi, J. C., AND Bhattaciiaryya, P. 13, 1930 Removal of ions from solutions of 

calcium dihydrogen phosphate by treatment with hydrous gels of alumina, silica 
and their mixtures. Soil Sci, 29: 311-322. 

(4) Mattson, Sante 1928 Cataphoresis and the electrical neutralization of colloidal 

material. Jour. Phys, Chem. 32: 1532-1552. 

(5) Mattson, Sante 1928 The elcctrokinetic and chemical behavior of the alumino- 

silicates. Soil Si i. 25 : 289-3 1 1 . 

(6) Od^n, Sven 1919 Die Huminsauren. Kolloidchem, BHheJte 11: 75-260. 

(7) TamMjOlof 1920 Soilstudiesin the needle forest region of northern Sweden. Meddel. 

Statens Skogsfi^soksanst [Sweden] 17 : 49-300. 

(8) Truog, E. 1929 The origin, nature, and isolation of the inorganic base exchange 

compound of soil. Jour, Amur, Soc. Agron. 21 : 1030. 




BOOK REVIEWS 


Grundzuge der Bodenkunde, By Friedrich Schitcht. Paul Parey, Berlin, 

1930. Pp. VII + 405, figs. 135. 

The author, who is director of the Institute of Geology, Mineralogy, and 
Soils of the University of Berlin, notes that the data of soil science are of inter- 
est not only to students of agriculture and forestry, but also to those of geology, 
botany, and economic geography. The author wrote his book with this in 
mind. 

The major divisions of the book include soils and soil science, soil formation, 
soil physics, the chemistry of soils, the biology of soils, influence of climate on 
soil formation, the soil as a culture medium for plants, soil classiflcation and 
mapping, the soils of Germany, and methods of soil examination. 

The author’s style is clear and the discussion is usually compact. Despite 
the briefness of the treatment made necessary by the character of the book, 
the discussion of the various topics is usually effective. For example, the 
author’s description of the formation of lateritic soils, of peat soils and their 
formation, of base exchange and soil acidity, is quite satisfactory. There is also 
a lucid discussion of climate in its relation to soil formation. The portion deal- 
ing with the soils of Germany will be of particular interests to teachers located 
in other countries. The bibliography is arranged under various topics and is 
quite adequate for a book of this character. 

Die Bedingungen der WirtschaJtlickkeU der HandelsdungemitteL By L. von 

Kreybig. Paul Parey, Berlin, 1930. Pp. 128, figs. 5, colorplate 1. 

The book is dedicated to Prof. F. Lohnis, of the University of Leipsic, and 
contains a foreword by him. 

The topics dealt with in the book include chemical factors which influence 
the action of fertilizers; the influence of microorganisms on the action of ma- 
nures and fertilizers; the plant physiological factors affecting the action of ferti- 
lizers; conditions relating to the application and economic returns from nitrog- 
enous fertilizers, phosphates, potash fertilizers, and mixed fertilizers; and 
practical considerations in the use of fertilizers. 

The author develops some interesting points of view concerning the plant- 
food resources of the soil, the supplementing of these with plant-food derived 
from animal manures and chemical fertilizers, the significance of microorgan- 
isms in the circulation of plant-food, and the economic considerations that 
enter into the utilization of the plant-food resources derived from within or 
without the soil. 
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Manual of Bacterial Plant Pathogens, By Charlotte Elliott. The Williams 

and Wilkins Company, Baltimore, Md., 1930. Pp. IX + 349. 

The author, who is associate pathologist in the Bureau of Plant Industry, 
U. S. Department of Agriculture, has arranged her treatise in four major divi- 
sions; namely, Alphabetical List of Plant Pathogens, Alphabetical List of Non- 
Pathogenic Organisms Associated with Plant Disease, Chronological Chart of 
Plant Pathogens, and Index of Host Plants and Bacteria. 

The individual species of plant pathogens are described in the first section, 
in each case the name of the organism, synonymous name, symptoms, host 
plant, geographical distribution, and literature are recorded. This portion of 
the book occupies 270 pages out of a total of 349. A similar treatment is ac- 
corded to non-pathogenic organisms associated with plant diseases (p. 273-317). 
The chronological charts of plant pathogens (p. 320-331) offer convenient refer- 
ence material. The book will undoubl,edly be appreciated not only by plant 
pathologist, but also by botanists generally, microbiologists, and horticultur- 
ists. 

Mycorrhiza. By M. C. Rayner. Wheldon & Wesley, Ltd., London, 1927. 

Pp. VI + 246, figs. 64. 

The increasing interest in soil biology has served to attract a greater degree 
of attention to mycorrhiza. Much has been published on the subject, but, 
unfortunately, the material is scattered in various journals and reports and not 
always readily accessible to the student. For this reason, the author has 
rendered a helpful service in having brought together much of the scattered 
material. She has organized the data and has presented them in a very read- 
able way. As has been noted by the author: 

The mycorrhiza habit first attracted attention as a characteristic of woodland soils. Mod- 
ern experimental research has once more focused attention on the significance of this fact and 
emphasized the importance of mycorrhiza as a biologic soil factor affecting the vegetation of 
woodlands in common with that of other types of humus soil. The practical application of 
the newer knowledge to natural conditions has already attracted the attention of foresters, 
thus opening up a new and fascinating field of research, promising alike to the botanist, the 
forester and the student of soil science. 

The book is divided into three parts, dealing, respectively, with the early 
period (1840-1880), the second period (1880 to about 19(X)), and the modern 
period (1900-1925). There are, in aU, 11 chapters. These deal with the vari- 
ous hypotheses and controversies that have centered about the subject of 
mycorrhiza. The reader will find among the multitude of topics discussed; the 
Monotropa controversy, De Bary^s theory of symbiosis; the morphologicaL 
studies on mycorrhiza by Frank; Hartig^s theory of parasitism; the contribu- 
tions of various workers on the subject of saprophytes and hemisaprophytes; 
the cytology of intracellular digestion; and autotrophic and myco trophic 
plants. There is a discussion of mycorrhiza of Arctic and Alpine plants; of 
orchidaceae; ericaceae; endo trophic and ectotrophic mycorrhiza; ‘‘mycorrhiza” 
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in bryophyta; tuberisation; and the physiological significance of mycorrhiza 
and the nutrition of mycorrhiza plants. A very satisfactory bibliography has 
been supplied by the author. 

Handlmch der Bodenlehre^ volume II. Edited by E. Blanck. Julius Springer, 

Berlin, 1929. Pp. VI + 314, figs. 50. 

The first volume of the Handbuch (reviewed on page 260, volume XVIII of 
Soil Science) deals with the scientific principles relating to the origin of soils. 
The second volume deals with the weathering of rocks and the climatological 
processes of weathering. The contributors to the first volume, aside from the 
editor, include Fesefeldt, Giesecke, Hager, Heide, Meigen, Passarge, Philipp, 
Rehorst, and Riiger. The contributors to the second volume include, aside 
from the editor, Knoch, Rehorst, Schellenberg, Schubert, and Wasmund. 

The principal divisions of the book deal with factors of climate and climate 
zones; the climate of the soil surface and of the lower portion of the atmosphere 
in Central Europe; variation in climate in recent geological periods; pollen 
studies as a means of measuring climatological factors of recent geological pe- 
riods and of the age of humus formations; general facts about weathering; physi- 
cal factors of weathering; chemical factors of weathering; the decomposition of 
organic substances; biological weathering due to living organisms; and bio- 
logical weathering as influenced by organic substances undergoing decomposi- 
tion. 

The present volume contains important contributions to our knowledge of 
climate as a major factor in the genesis and evolution of soils. The extensive 
bibliography is both suggestive and helpful, and should enable the student of 
soils, as well as the ecologist and plant physiologist, to understand more clearly 
the influences that have played a part in the past, as they now do, in maintain- 
ing dynamic conditions in the soil. 

Klima und Boden in ihrer Wirkung auf des Pflanzenleben, second edition. By 

Henrik Lundegardii. Gustav r'ischcr, Jena, 1930. Pp. x + 480, figs. 

129, maps 2. 

There is an evident tendency among workers in the fields of plant and soil 
science to organize the pertinent facts in such fashion as to permit of more 
sound and effective generalizations. The present volume is a good illustration 
of this tendency. This treatise on climate and soil in their relation to plant 
life is the result of the author’s painstaking study in various fields. As he him- 
self expresses it: 

The field of experimental ecology, new and yet rapidly expanding, is criss-crossed with so 
many paths of research and so many trends of thought that its description, if it is not to ex- 
ceed certain limits, must confine itself to essentials only. I have tried to extract much from 
the most recent literature on the subject. Nevertheless, I have considered it desirable to lay 
emphasis on those parts that are related to my own experimental inquiries. 
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A brief historical discussion is followed by chapters on the light factor, the 
temperature factor, and the water factor. Other chapters deal with the soil, 
its formation and general ecological properties, the physical nature and the 
aeration of soils, the chemical soil factors, soil microorganisms, the carbonic acid 
factor, and the more important principles which relate to experimental ecology. 

The author is to be commended for the logical arrangement and discussion of 
the various topics, the helpful footnotes, the rather satisfactory bibliography, 
and the carefully prepared index. The publishers deserve credit for the 
attractive appearance of the book. 

Bacteriology^ second edition. By Stanley Thomas. McGraw-Hill Book 

Company, Inc., New York, 1930. Pp. XV + 301, figs. 38. 

The author, who is professor of bacteriology at Lehigh University, has writ- 
ten a textbook which attempts to outline in a balanced way the more important 
fields of general bacteriology. In the introduction to the first edition, which 
was published in 1925, he noted that 

While medical bacteriology has been of invaluable service to mankind, and while there is no 
doubt that the impetus given by Pasteur, Koch and Lister has put this branch of the science 
ahead of the other branches in pure achievement, the fact must not be lost sight of that med- 
ical bacteriology is simply one branch of a science which is, like its parent sciences chemistry 
and biology, of educational and practical value to mankind in many and varied fields of en- 
deavor. 

In the second edition, which was revised and rewritten, he says: 

Modifications, additions and omissions have been required in every chapter, and in most 
cases an entirely new method of presentation has been employed. 

The book contains 17 chapters, which deal with such topics as the history of 
bacteriology; classifications; morphology, physiology, and cultivation of bac- 
teria. There is also a discussion of bacterial enzymes and of microorganisms 
other than bacteria. Special chapters are devoted to bacteria in the soil, water, 
sewage, air, and foods. Three chapters are devoted to a discussion, respec- 
tively, of pathogenic bacteria, immunity, and hygiene and sanitation. The 
last chapter deals with bacteria in industry. The frontispiece is a good repro- 
duction of one of Pasteur's protraits. 

Ergebnisse der AgrikuUurchemie, volume I. Edited by F. Honcamp. Verlag 

Chemic, Berlin, 1929. Pp. VII + 281, figs. 28. 

This volume was prepared at the request of the section on agricultural 
chemistry of the Association of German Chemists, and represents contributions 
from men well known among the chemists of Germany and of other countries. 
The introductory chapter, entitled ‘‘Chemistry and Agriculture," was written 
by Prof. A. Binz, of Berlin. The titles of the other chapters and the names of 
their authors follow: “Distribution And Circulation of Iodine from the Point of 
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View of its Significance in Soils,” by Griessbach; “The Significance of Iodine in 
Plant Nutrition,” by Strobele; “The Iodine Problem in Animal Nutrition,” by 
Scharrer; “The Combined Action of the Elements Potassium and Sodium in 
Plant Growth,” by Maiwald; ‘‘The Cultivation and Manuring of Soils,” 
by Alten; ‘^Modern Chemical and Biological Points of View in the Treatment 
of Stable Manure,” by Ruschmann; “Definite Relations in the Assimilation 
of Protein,” by Wohlbier; '‘Experiences, Practical Observations and Results 
Relating to Phosphoric Acid Studies in Soils,” by Doerell; “The Lime Resources 
of our Soils,” by Behrens; “On the Determination of the Saturation Point of 
Soil in Accordance with Newer Methods,” by Kappen; “Electrodialysis and 
the Problem of Mineral Soil Acidity,” by Trenel; “The Measurement of Soil 
Reaction, the Influences Modifying Soil Reaction and the Biological Appraisal 
of the Soil,” by Gorbing and Adolphi; “Results Obtained in Determining the 
Lime Requirements and in Modifying the Saturation Point of Soils,” by Pfeil. 

The book contains no index, but it is to be presumed that a general index will 
be included in the last volume of the series. 

SoiL By Archer Butler Hulbert. Yale University Press, New Haven, 

1930. Pp. 227, figs. 7. 

The title of the book is somewhat misleading in that the term “soil” is used, 
in part at least, as being equivalent to the term “land.” 

In writing the book, the author had a definite objective, as is indicated in 
the preface. He says : 

The main theme of the present volume is the quite ignored one of the influences of the soil 
on American settlement and expansion. The plan of the volume, however, has been arranged 
in the hope of doing more than presenting merely a new and important phase of American 
history; it is offered as a kind of non>classroom textbook for those who may some day under- 
take to produce the constructive type of local history so greatly needed. 

The author states further that he has tried to show “how geological, climatic, 
hydrographic and edaphic factors have been and may be used to clarify history, 
particularly the history of American occupation and expansion.” 

The 21 chapters deal with the basis of provinces; climatic influences on man 
and vegetation; the waterway keys to our soil provinces; some aspects of river 
control; highland pathways of conquest and migration; the story of our soils; 
soil and migration; the meadows of New England; the call of the Connecticut; 
the Nipmuck and chestnut countries; the tidewater pioneers; the Virginia Pied- 
mont; human seed on stony ground; Penn’s forest empire; Scot and Celt on the 
American frontier; the grand advance; beyond the Shenandoah; the conquest 
of the Alleghenies; the blue grass region of Kentucky and beyond; types of soil 
influence in the west. There is also an appendix entitled “A New Basis for the 
Study of Local History.” 

Those interested in the field of soil science, as well as economists, sociologists, 
and historians will find much that is suggestive and helpful in this book. 
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Lehrbuch der allgmdnen Bodenkunde. By Alexander Stebutt. Gebriider 

Bomtraeger, Berlin, 1930. Pp. XII + 518, figs. 55. 

Formerly connected with soil research activities at Saratov and Mo.scow 
and now professor at the University of Belgrad in Jugoslavia, the author is 
intimately acquainted with the accomplishments of the Russian school of soil 
science. He has had also wide experience as a teacher of soils, and possesses, 
for this reason, a broad outlook on the whole field of soil science. In planning 
the book he was guided by the central thought that is clearly expressed in the 
preface. He says: 

Any field of science may attain unity only when its parts are tied together by a central, 
leading thought. This leading idea is brought to us by Soil Science in its new conception of 
the soil as a natural body suis generis whose condition is a dynamic one. Thanks to this 
dynamic condition, the soil is passing through the process of development and evolution as 
opposed to the fundamental idea in the old conception of the soil as a dead, mechanical accum- 
ulation of rock fragments and devoid of energy. This book represents the systematic develop- 
ment and expression of the central thought and reflects essentially, the conception of the soil 
as a dynamic system. 

The first part of the book, entitled “The Soil Forming Substratum,” contains 
chapters on the composition of the earth’s crust, formation of klastic sediments, 
the porous soil mass as a disperse system, colloidal systems, soil porosity, and 
the relation of soils to water, air, organic substances, and heat. 

The second part deals with the dynamics of soils and contains chapters on the 
significance of water in soil formation processes, the decomposition of minerals, 
the synthesis of soil compounds, soil acidity, mobility of soil constituents, 
impoverishment of soil layers, and enrichment of soil layers. 

In the third part, the general topic of the “genesis of soils,” is considered in 
connection with the more important changes that occur in soil formation, zones 
of the earth’s surface and their relation to one another, plant societies and soils, 
variations in soil forming processes in different zones, and soil classes from the 
points of view of immaturity, zeolite formation, degradation. 

The fourth part deals with soil fertility as the applied phase of soil science. 

Jacob G. Lipman. 



THE TEMPERATURE CORRECTION IN THE HYDROMETER 
METHOD OF MECHANICAL ANAI.YSIS OF SOILS 

CHARLES RICHTER 
Hawaii Agricultural Experiment Station 
Received for publication April 24, 1950 

The employment of the h 3 '^drometer for the measurement of soil-suspension 
concentrations in the course of mechanical analysis has become quite wide- 
spread since its proposal by Bouyoucos in 1927. The method has been 
found valuable by many investigators for routine analysis in soil surveys and 
for soil classifications. 

The method, which is said to be based on heat of wetting determinations, has 
been checked by several investigators against other methods such as the 
pipette method and the water-vapor adsorption method. It appears that the 
hj^drometer method agrees fairly well with the pipette method, but not so well 
with the water-vaj^or adsorption method in the case of soils of high organic 
matter content. This latter fact of course does not discount the value of the 
hydrometer method; it simply means that with certain soils it seems inad- 
visable to attempt to translate physical properties into particle size or vice 
versa. 

The hydrometer method is too well known to be described here again in 
detail, and for this reason only a very short resume is given. 

An aliquot of soil (25, 50, 75, or 100 gm.) is dispersed, in a specially constructed metal cup 
fitted with buffers, by an electric mixer for a required length of time with the addition of 5 cc. 
N KOH solution. After the dispersion has been completed the contents are transferred to a 
glass cylinder, made up to a definite volume with distilled water, shaken, the hydrometer 
placed into tlie soil suspension, and the mixture allowed to settle. After 1 5 minutes the 
hydrometer readings which give the amount of soil in grams left in suspension, are taken. This 
is considered as the colloidal fraction. The time for complete dispersion as recommended by 
Bouyoucos is 9 minutes, which is probably sufficient for many mainland soils but very in- 
sufficient for heavy lateritic or organic soils. For most Hawaiian soils at least 30 minutes 
dispersion is required, in certain cases 60 minutes. In this investigation 30 minutes dispersion 
was used in every case. The water used was 1,000 cc. plus as many cubic centimeters more 
as there were grams of soil. The length of time required for settling assumes a uniform specific 
gravity of about 2.65 for soils; for a more exact and detailed mechanical analysis the settling 
time must be calculated from the specific gravity of soils, the temperature of the mixture, 
and the height of the column of suspension. Since the hydrometer is calibrated to give 
correct readings at 67®F., under or above this temperature a necessary correction is made, i.e., 
0.35 is added to the reading for each degree above 67®F., and subtracted for each degree 
below 67®F. The corrected reading divided by the weight of soil used gives the percentage of 
fraction in question. 
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Although the practical usefulness of the hydrometer method is recognized, 
it is desirable to know the degree of accuracy of which it is capable at low 
range as well as at high range. Is the same correction to be applied to the 
readings at all concentrations and at all temperatures? It is evident from 
fundamental considerations that the temperature correction of 0.35 for each 
degree cannot hold true for the whole range of the hydrometer and that the 
error introduced becomes greater as the concentration becomes lower. More- 
over, it may be anticipated that at any one concentration the temperature 
correction at different temperatures will not be a straight line function but a 
curve. 


TABLE 1 


Relation of concentration of soil suspension to the error involved in the application of the tempera- 
ture correction of ^ 0.35 factor to the hydromiter reading in case of a typical Hawaiian clay* 


AMOCTNT 
SOIL USED 

HYDBOM- 

ETEK 

EEADIKG 

AT 67 “F. 

HYDBOM- 

ET£B 

READING 

AT 

COLLOIDS 

ISOLATED 

COLLOIDS 
PER GM. son. 
CALCULATED 

1 PROM 

1 READING 

Axar^F. 

COLLOIDS 

CALCULATED 

PROM 

READING 

AT sr^F. 
USING 0 35 
FACTOR 

COLLOIDS 
PER GM SOIL 
CALCULATED 
FROM 

WEIGHT OF 
a>LLOIDS 

ERROR 
INVOLVED 
DUE TO 
TEMPERA- 
TURE 

CORRECTION 

COMPUTED 
CORREC- 
TIONS TO 
GIVE AP- 
PROXIMATE- 
LY CORRECT 
RESULT 

(A) 




(E) 

(F) 

(G) 

(H) 

(I) 

gm. 



gm. 

Percent 

per cent 

per cent 

percent 

Hi 

100 

63.0 

56.0 

65.7 

63.0 

63.0 

65.7 

0.0 


80 

50.5 

45.0 

51.3 

63.1 

65.6 

64.1 

4.1 

mSEm 

60 ! 

37.5 

33.0 

38.5 

62.5 

66.7 

64.1 

5.9 

■n 

40 

24.5 

21.0 

24.9 

61.2 

68.8 

62.2 

9.2 

0.21 

20 

12.0 

9.0 

11.4 

60.0 

80.0 

57.0 

27.0 


10 

6 0 

3.5 

6.1 

60.0 

105.0 

61.0 

66.7 


5 

3.0 

0,5 

3.0 

60 0 

150.0 

60.0 

138.1 


Averaore 

62. 9t 












* Figures expressed in terms of oven-dry soil, 
t Omitting fifth number, for 20 gm. of soil 


In the following experiments, the effect of concentration and temperature 
of the soil suspension on the accuracy of the hydrometer method has been 
investigated, both mainland and Hawaiian soils, high in clay fraction, being 
used. 

The soils used in this investigation were as follows: 

1. Light grayish-brown river-bottom clay from Arlington farm, Virginia Specific 

gravity, 2.62; organic matter, 5.72 per cent; pH, 5.30. 

2. Light-brown Pacific Coastal soil from Bellingham, Wash. Specific gravity, 2.54; 

organic matter, 3.21 per cent; pH, 5.70. 

3. Light-brown clay from Lanikai, Oahu, Hawaii. Specific gravity, 2.83 ; organic matter, 

3.94 per cent; pH, 8.23. 

4. YeQowish-brown clay from H^lau, Hawaii. Specific gravity, 2.84; organic matter, 

9 . 07 per cent; pH, 6.50. 

5. Brownish-red clay from Maui, Hawaii. Specific gravity, 2.96; organic matter, 3.27 

per cent; pH, 7.60. 
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Table 1 shows the relation of the soil-suspension concentration to the error 
involved in the application of the temperature correction of plus-minus 0.35 
factor to the hydrometer reading in the case of a typical Hawaiian clay (soil 5). 
Various amounts of soil (column A) in simple multiples (5, 10, 20, 40, 60, 
80, 100 gm.) were dispersed as described in the foregoing and brought to the 
required volume. The suspension was cooled down to shaken and 

placed into a water-bath adjusted to 67^F., and allowed to settle for 15 minutes. 
At 15 minutes the hydrometer reading was taken (column ^B). The cylinder 



Fig. 1. Relation of Concentration of Soil Suspension to the Error Involved in the 
Application of the Temperature Correction of the ^ 0.35 Factor T(^ the 
Hydrometer Reading 


with its contents was placed into the thermostat for overnight at 87°F. The 
hydrometer reading was again taken after 15 minutes settling at 78°F. (col- 
umn C), and the soil suspension immediately siphoned off to the point 
where the solid matter was settling. The suspended solid matter was isolated 
by evaporating to dryness on the water-bath. The obtained colloids were 
then dried at 125°C. for 18 hours and weighed (column D). Column H was 
obtained by subtracting 63 (the assumed correct value) from the value given in 
column F and dividing by 0.63. The last column was obtained by the follow- 
ing formula: — • These data are arranged graphically in figure 1. 
As may be seen from the foregoing the agreement between the weight of isolated 
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colloids and the hydrometer reading at 67°F. is good, but that the error in- 
volved in calculating the percentage of colloids from the hydrometer reading at 
87®r. becomes considerable at lower concentrations when the same tem- 
perature factor of plus-minus 0.35 for each degree F. is used throughout. In 
this set of figures it was assumed that the correct percentage of colloids is 63, 
i.e., the reading at 67°F. of the soil suspension when 100 gm. of soil was used. 
This figure agrees with the over-all average of the percentages of colloids 
calculated from the weight of colloids isolated for all concentrations (average 
of column G), 

If the computed corrections at different concentrations (i.e., the values 
appearing in column I) are plotted against the corresponding hydrometer 
readings at 87°F. and connected with a smooth curve (fig. 2), it becomes appar- 
ent that the correction to be applied (or each degree F. decreases steadily from 
the upper to the lower range of the hydrometer. 



Fig. 2. Correlation Between Hydrometer Reading and Computed Correction to 

Give Concordant Results 

It is to be noted that a very good parallelism obtains between the hy- 
drometer reading at 67°P\ and 87°F. when they are plotted against the 
concentrations. 

In order to see the correlation between hydrometer reading and increasing 
temperatures at different concentrations, soil suspensions were made at three 
different concentrations (10, 50, and 100 gm. to a liter of water) with a number 
of soils, and their apparent density was successively determined by means of 
the hydrometer at increasing temperatures after 15 minutes settling. The soil 
suspension was cooled down to about 50®F., shaken, and allowed to settle for 
the required time, when the hydrometer and temperature readings were taken. 
This procedure was repeated several times at different temperatures as the 
soil suspension was warming up. After the last reading, which was taken at 
about room temperature (84h88°F.), the cylinder with its contents was placed 




TABLE 2 

Correlaiion between hydrometer reading and temperature at different concentrations^ and the 

computed corrections 


CONCENTSATXON Of SOIL SUSPENSION 


SOIL 

10 gm. per liter water 

50 gm. per liter water 

100 gm. per liter water 

NUMBEK 

Hydrom- 

eter 

reading 

Temper- 

ature 

Computed 
correction 
per degree 
F. 

Hydrom- 

eter 

reading 

Temper- 

ature 

Computed 
correction 
per degree 
F. 

Hj’'drom- 

etcr 

reading 

Temper- 

ature 

Computed 
correction 
per degree 
F. 


5.5 

49.5 

-0.06 

17.5 

•F. 

48 0 

-0.11 

31.5 


-0.13 


5.2 

56.0 



56.0 

-0.14 

31.0 

52.0 

-0.15 


5.0 

60.0 

-0 07 

16.5 

60.0 

-0.14 

30.5 


-0.19 


4.5 

67.0 

* 

16.0 

63.5 

-0.14 

29.8 

62.0 

-0.20 


3.8 

74.5 

4-0.09 

15.5 

66.5 

* 

29 2 

64. S 

-0.16 

1 ’ 

3,0 

81.5 

4*0 10 

15 2 

68.5 

+0.13 

28 5 

67.5 

* 





14.5 

74 0 

+0.14 

28.0 

71.0 

+0.20 


. . . 



13.5 

79.5 

+0.16 

26 5 

77.5 

+0.22 





11 5 

87.0 

+0.20 

25.5 

82.5 

+0.21 


... 

.... 





24.0 

87.0 

+0.24 


6.0 

50.0 

-0.07 

19.0 

50.0 

-0.16 

33.5 

52.0 

-0.20 


5.8 

56.0 

-0.09 

18 5 

56 0 

-0 20 

32 5 

58.0 

-0.22 


5.5 

62.5 

-0 14 

17 5 

61.0 

-0.20 

31.2 

63.5 

-0.20 


4.7 

68 0 

* 

16.5 

66.0 

-0.20 

30.5 

67.0 

* 

A * 

3.5 

75.0 

4-0.16 

15.5 

73.0 

+0.16 

30.0 

69 0 

+0.25 


2.5 

81.5 

4-0.16 

14 0 

79 0 

+0.19 

29 0 

73.0 

+0.25 


1.5 

87 5 

4-0 16 

12.5 

86.0 

+0 20 

27.5 

79.0 

+0.25 



.... 





26.0 

84.0 

+0 26 


8.5 

55.0 

-0,10 

33 0 

52 0 

-0.10 

62.0 

52.0 

-0.19 


8.0 

60.5 

-0.11 

32.5 

58.0 

-O.ll 

61.0 

58 5 

-0.21 


7.5 

66.0 

* 

32 0 

62.5 

-0 11 

60.0 

63 0 

-0.20 


6.5 

73.0 

4-0.13 

31.5 

67,0 

* 

58.7 

69.0 

+0.25 

O 1 

5.5 

80.0 

4-0.14 

30.5 

74.0 

+0.14 

58.0 

72 5 

+0.22 


4.3 

86.0 

+0.16 

29.0 

80 0 

+0.19 

56 5 

78.0 

+0.25 





27.0 

86 0 

+0.24 

55.3 

82.0 

+0.26 





.... 

.... 


54.7 

84.5 

+0.26 

r 

8.0 

51.0 

-0.08 

32.0 

i 51.0 

-0.11 

62.5 

53 0 

-0.13 


7.5 

59.0 

-0.10 

31,2 

59,0 

-0 11 

61.7 

60 0 

-0.14 

4 - 

7.0 

65.0 

-0.15 

30 5 

66.0 

-0.20 

61.0 

66.0 

* 


5.5 

75.0 

+0.15 

28.5 

76.0 

+0.20 

58.5 

76.0 

+0.24 


3.0 

89.0 

+0.17 

26,0 

85.0 

+0.24 

56.5 

83.0 

+0.26 


8.0 

55.5 

-0.10 

35.5 

51.0 

-0.16 

64.5 

50.0 

-0.17 


7.5 

62.5 

-0.13 

34.3 

59.0 

-0.16 

62.7 

62.0 

-0,22 


7.0 

66.5 

4 > 

33.5 

65.0 

-0.25 

61.5 

66.0 

* 

5 * 

6.0 

74.0 

+0.13 

32.5 

69.0 

+0.25 

60.0 

73.0 

+0.27 


4.5 

80.5 

+0.18 

31.5 

73.0 

+0.25 

58.5 

80.0 

+0.24 


3.0 

86.0 

+0.21 

30.0 

80.0 

+0.23 

57.0 

86.0 

+0.24 


... 

.... 


27.0 

91.0 

+0.25 

.... 

.... 



The weight of isolated coUoids for the above soils were as follows for the 10, 50, 100 gm. 
per liter concentrations respectively: Soil 1, 3.3, 13.55, 31.2 gm.; soil 2, 3.2, 14.5, 33.1 gm.; 
80113, 6.1,31.3, 66.3 gm.; soil 4,5.7, 27.9, 57.7 gm.; soil 5, * * * (not determined). 
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into a thermostat and was allowed to come to a constant temperature (86®F,), 
when it was shaken up and allowed to settle for 15 minutes. The suspension was 
then siphoned off to the point where the solid matter was settling, and the 
colloids were separated as described in the foregoing and weighed. By plotting 
the hydrometer readings against the corresponding temperatures and drawing 
the curve, one obtains the correct value at 67®F. The difference between this 

TABLE 3 


Calculated average hydrometer readings for all soils and the corresponding computed corrections 


CONCENTRATION PER UTER 
WATER 

TEICPERATURE 

HYDROMETER 

CORRECTION PER DEGREE 

F. 

gm. 

^F. 

•F. 



50 

7.35 

-0.08 


55 

7.05 

-0.08 



6.75 

-0.10 


65 

6.30 

-0.12 


67 

6.05 



70 

5.50 

+0.13 


75 

4.95 

+0.14 


80 

4.10 

+0.15 


85 

3.10 

+0.16 


50 

27.45 

-0.12 


55 

26.95 

-0.13 


60 

26.35 

-0.14 


65 

25.65 

-0.15 

50 

67 

25.35 




24.75 

+0.20 


75 

23.85 

+0.19 


80 

22.75 

+0.20 


85 

21.35 

1 +0.22 


50 

50.95 

-0.17 


55 

50.30 

-0.19 


60 

49.45 

-0.21 


65 

48.45 

-0.22 


67 

48.00 




47.40 

+0.20 


75 

46 25 

+0.22 


80 

45.00 

+0.23 


85 

43.65 

+0.24 


value and the various hydrometer readings, divided by the difference between 
67®F. and the observed temperature, gives the correction that has to be applied 
for each degree F. to obtain the correct value (table 2). 

For hydrometer readings which were very near 67^F. i.e., within one degree 
above or below, the correction has not been computed, because in these cases 
the experimental error involved in both the hydrometer and temperature read- 
ing may cause too great a deviation in computing the correction. 
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The values given in table 2 were averaged for all soils and are given in table 3. 
These composite averages are also shown graphically in figure 3, where the 
relation of the density of water at different temperatures to the hydrometer 
reading at different temperatures is also given. 

Several things become apparent from these data. As is seen, the form of 
curve obtained when the hydrometer readings are plotted against the cor- 



Fig. 3. Correlation Between Temperature and Hydrometer Reading at Different 
Concentrations and Their Relation to the Density of Water at Different 

Temperatures 
Composite average of five soils 

responding temperatures resembles closely that of the density of water when 
plotted against the temperatures. The slope of the hydrometer curve ap- 
proaches that of the water-density curve at the low range of the hydrometer. 

The corrections obtained for each degree F., as shown in the last column of 
table 3, indicate that: (a) at any one temperature the correction to be applied 
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varies with the hydrometer reading, i.e., it becomes smaller as the hydrometer 
reading decreases, as was shown in table 1; (b) at any one concentration the 
correction to be applied varies with the temperature, i.e., the correction in- 
creases as the temperature increases; (c) the correction for each degree F. 
below 67°F. is smaller than above 67°. 

As is seen, the correction obtained for each degree F. at 85°F., as shown in the 
last column of table 3 (i.e., +0.16, +0.22, and +0.24 respectively) agrees 
well with the corrections obtained at that range and approximately at that 
temperature in the case of soil 5, as given in table 1. 

From the foregoing it becomes apparent that the application of the tem- 
perature correction factor of 0.35 for each degree F. does not hold true at all 
hydrometer readings and at all temperatures, but that a sliding scale correction 
table is desirable with the method to increase its accuracy. The sliding scale 
table suggested tentatively in table 1 and figure 2 may not hold true exactly 
for all soil types and is probably subject to modifications, but nevertheless 
it indicates the nature of the rule which has to be applied in the construction of 
these tables of corrections. 


SUMMARY 

The r61e of concentration of soil suspension and temperature in the correction 
factor of the hydrometer method of mechanical soil analysis has been in- 
vestigated. 

Soil suspensions of the same soil at different concentrations but at the same 
temperature will not give identical results when the temperature correction 
factor of 0,35 is applied at all concentrations. 

The same soil suspension which gave a certain reading at 67°F. will not give 
the same result at a higher or lower temperature if the temperature correction 
factor of 0.35 is applied unconditionally. 

In order to obtain concordant results, tlie correction to be applied for each 
degree F. becomes considerably smaller at the lower range of the hydrometer 
than at the higher range. 

The corrections to be applied below 67°F. are different from those to be 
applied above 67°F. 

The nature of the curve obtained when hydrometer readings are plotted 
against the corresf)onding temperatures is graphically shown. 

The sliding scale nature of a correction table to give concordant results at 
all concentrations is pointed out. 

A sliding scale correction table is tentatively suggested, subject to 
modification. 
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In earlier publications (4, 5) the author has shown that the so-called adsorp- 
tion of ammonia by soils is a chemical reaction representing the neutralization 
of acidoid by a base. Methods of estimating soil colloids based on ammonia 
absorption therefore cannot be emploj-'ed for the purpose intended. It seemed, 
however, that this reaction could be used for finding the base neutralizing 
power of acidoids in different soils (6). The object of this investigation was to 
explore the possibilities of this reaction as a means of differentiating between 
soil colloids from various sources. 

Interaction between bases and soil acidoids, is a slow process; and several 
days may be required for equilibrium to be reached. This is shown in a striking 
manner in table 1, which records the speed of reaction as measured by varia- 
tions in the pH values of soil suspensions to which different amounts of NaOH 
and Ba(OH )2 were added. The soil was first treated with 0.05 N HCl exaus- 
tively to bring it to the fully unsaturated condition (acidoid state). 

It will be seen from tabic 1 that the speed of reaction depends on the strength 
of the base used; and equilibrium could be reached fairly quickly by using 
excess of alkali. It seems, therefore, that the best method of bringing the soil 
to the saturation or neutralization point would be to add excess of alkali and 
then remove the excess by leaching or precipitating as an insoluble salt. This 
point is recognized in the author^s method of finding saturation capacity of 
soils for bases (6) where Ba(OH)2 solution is added and excess removed by 
titration to phenolphthalein with 0.1 N H2SO4. The following method was 
used to bring about a similar state of affairs in the reaction with ammonia. 

Ten grams of soil is stirred with about 50 cc. of water. Enough 0.2A’^ HCl to break up all 
the carbonates is added gradually and the mixture set aside with frequent shaking till no 
more bubbles of CO 2 are formed. The soil is then transferred to a filter paper and washed 
with 0.05 A HCl till the filtrate shows no reaction for Ca ions; this is followed by leaching with 
water till the soil is free from Cl ions. It is then washed with a little alcohol and air dried. 
The fi^al washing with alcohol makes the soil loose and friable as well as easily detachable 
from the filter paper. 

For washing purposes, a Buchner funnel is generally convenient; though a better method is 
to use filtering apparatus described by the writer elsewhere (3), with the modification that 
the cylinder portion need only be 2 or 3 inches long and provided with a lip. 

After being air dried the soil is transferred to a flat dish. If a hardened filter paper, like 

93 



94 


AMAK NATH PITRI 


the Watxnan 50, is used the soil comes off quantitatively, with the help of a spatula and camel’s 
hair brush. The dish containing the soil is kept over normal ammonia in a vacuum desiccator 
for two days. It is then transferred to another desiccator and kept over 90 per cent H 2 S 04 
under vacuum for 48 hours. The ammonia retained by the soil is then determined by distil- 
lation with lime in the usual way. 

DISCUSSION OF RESULTS 

The results of ammonia reaction with 45 soils are recorded in table 2, which 
also gives the clay contents and pH values of the original and of the ammonia 
saturated soils. 

It is seen that except in the case of soils free from carbonates (acid soils) or 
those containing NaaCOa (alkali soils), the pH value of tlie original soil is 
approximately the same as after acid treatment and ammonia saturation. 
The reason is not hard to find. In almost all cases where the agreement is 
apparent, the soil contains excess of CaCOs and has reached a state of satura- 

TABLE 1 

Speed of reaction between soil and Ba[OH)i and NaOH 
(10 gm. of soil kept with 100 cc. alkali solution) 


M.BQ.OF AXXAU 

pH AITTEB 


1 day 

2 days 

4 days 

6 days 

7 days 

10 days 

11 days 

22 days 

(NaOH) 









2 

5.98 

5.30 

. . , 

5.06 

. . . 

4.86 

. . . 

4.63 

5 

9.18 

7.20 

. . . 

6.85 


6.71 

. . . 

6.45 

10 

11.74 

11,60 

. . . 

11.60 


11.57 


11.57 

Ba(OH)t 









2 

4.64 

4.23 

4.00 


3.83 

. . . 

3.75 

3.65 

5 

7.85 


6.49 

. . . 

6.00 

. . . 

5.90 

5.74 

10 

11.00 

10.80 

10.66 

... 

10.65 


10.60 j 

10.57 


tion with respect to Ca, in the sense that any excess of the Ca added to it will 
either be converted into carbonate or washed down if the soil is subjected to 
leaching. In other words it represents a limit beyond which any base, if 
present, will be easily hydrolyzed and removed by leaching. 

The mechanism of ammonia reaction is similar: the soil is allowed to take 
up an excess and the easily hydrolyzable portion is removed under vacuum 
over H2SO4. Thus the soil come to equilibritim at a pH value which is not far 
different from that found under natural condition in the presence of excess 
CaCOs. However in the case of soils having no CaCOa, or containing alkali 
salts, the pH value in the natural state may be too low or too high as com- 
pared to that obtained after ammonia saturation. 

It must be pointed out, however, that the difference between hydrolyzable 
and non-hydrolyzable bases is only of degree; and there is no reason to suppose 
that almost all the bases will not be removed, provided the leaching action is 
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TABLE 2 


Interaction between ammonia and various soils 


BOXL 

CLAY (0.002 IOC.) 

NH| ABSORBED 

NHi SATURATED 
SOIL 

ORIGINAL son. 

Per 100 gm. soil 

Per gm. clay 


percent 

in.eq. 

m.eq. 

PB 

pa 

1 

11.3 

5.3 

0.469 

8.21 

8.45 

3 

62.2 

63.1 

1.015 

8.01 

7.64 

4 

15.2 

8.2 

0.539 

8.40 

8.55 

5 

12.3 

7.32 

0.595 

8.44 

8.77 

6 

28.4 

11.0 

0.387 

8.14 

5.29 

7 

21.8 

7.1 

0.326 

8.88 

9.58 

8 

25.2 

18.7 

0.742 

8.36 

8.41 

9 

21.6 

8.1 

0.375 

7.74 

5.76 

10 

35.6 

25.1 

0.705 

8.28 

8.71 

11 

32.8 

23.7 

0.722 

8.55 

8.77 

12 

7.2 

4.6 

0.639 

7.83 

5.83 

15 

22.4 

14.3 

0.638 

7.97 

7.71 

16 

8.7 

4.9 

0.563 

8.44 

8.74 

17 

14.1 

8.2 

0.581 

8.32 

8.20 

18 

22.6 

11.7 

0.518 

8.19 

5.79 

19 

42.3 

24.05 

0.569 

8.46 

8.40 

20 

8.1 

4.4 

0.543 

8.12 

5.64 

21 

13.5 

12.9 

0.955 

8.37 

8.25 

22 

15.1 

12.7 

0.841 

8.29 

6.85 

23 

11.3 

11.1 

0.982 

8.24 

7.41 

24 

9.7 

8.8 

0.907 

8.51 

8.59 

25 

4.0 

2,1 

0.525 

8.65 

7.40 

26 

22.5 

5.7 

0.253 

8.41 

8.11 

27 

53.2 

51.3 

0.964 

8.52 

9.03 

29 

63.0 

49.1 

0.779 

8.54 

8.05 

30 

54.1 

57.5 

1.063 

8.59 

8.45 

31 

22.8 

I 17.1 

0.75 

8.26 

8.01 

32 

! 64.6 

43.9 

0.68 

7.88 

5.05 

33 

2.6 

2.4 

0.923 

8.57 

10.18 

34 

11.3 

7.0 

0.620 

8.39 

7.63 

35 

18.3 

11.6 

0.634 

8.50 

7.98 

36 

11.7 

6.85 

0.585 

8.51 

8.46 

37 

4.1 

7.60 

1.853 

8.38 

5.72 

38 

52.9 

47,3 

0.894 

8.47 

8.29 

39 

8.4 

11.9 

1.417 

8.49 

9.11 

40 

13.1 

11.0 

0.84 

8.54 

7.65 

41 

53.4 

51.7 

0.968 

8.63 

8.74 

42 

53.4 

56.3 

1.054 

8.90 

9.00 

43 

21.6 

15.3 

0.708 

8.62 

8.41 

44 

8.4 

6.5 

0.774 

8.73 

8.54 

45 

11.1 

5.8 

0.522 

8.59 

7.45 

46 

56.4 

51.2 

0.908 

8.51 

7.63 

48 

19.8 

4,7 

0.237 

8.57 

8.55 

49 

27.3 

17.0 

0.623 

8.15 

6.33 

50 

17.7 

9.6 

0.542 

8.51 

8.54 
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sufficiently prolonged. Another point worthy of note in this connection is 
that the removal of bases by simple leaching must depend entirely on the 
mutual reaction of the two bodies, i.e. only if the pH value of water is lower 
than that of the suspension of soil in the water, will bases be removed by leach- 
ing with that water, 

It is interesting to note that the pH value at the saturation point for most 
soils is somewhere about 8.5, but it is appreciably lower in the case of all humus 
and latarite soils. It would thus appear that acidity in such soils is not only 
produced by their peculiar geographical condition of being situated in humid 
regions, but the nature of acidoids in them is such that if converted into 
saloids, they would tend to hydrolyze at a lower pH value and thus become 
acid much more readily than others. 

Alkali soils, on the other hand, generally show quite tlie opposite effect: 
their hydrolysis point is situated at a higher pH value, so that such soils by 
the very nature of things, would resist the removal of bases by leaching, and 
tend to remain alkaline. 

It is customary to denote the base exchange capacity of a soil by the amount 
of total cations (including H) removable by neutral salt reaction. Such a 
procedure is not logically sound, since the total exchangeable H cannot be 
removed by neutral salt reaction because it can never raise the pH value of 
the soil above 7. Bases removed by neutral salt reaction can only be spoken 
of as exchangeable bases, and should not be confused with base exchange 
capacity: just as moisture content of a soil is not the same as its moisture 
holding capacity. The one represents a dynamic state, the other a static 
condition. 

It is evident that ammonia reaction affords a simple method of determining 
base exchange capacity of soils, and, as such, could be used as a “single value” 
for characterizing them in any system of genetic classification. It has been 
generally recognized that colloids separated from different soils are not quite 
alike; though they show a similarity of behavior on the whole. It is hoped 
that the method outlined will prove of some value in bringing out such 
differences. 

Although no attempt can be made at this stage to show that similarly 
constituted soils can be grouped together on the basis of base exchange 
capacity, it might be stated that, on the whole, dark colored soils show a higher 
value than red, lateritic, or humus soils. A somewhat similar conclusion has 
already been arrived at by Mattson from his extensive researches on the colloi- 
dal behavior of soils with varying silica sesquioxide ratios (1). 

Reference has already been made to the fact that most of the soils in nature, 
in the presence of CaCOa, tend to acquire a pH value of 8.5, which may be 
approximately taken as the limit beyond which bases, if combined, would be 
easily hydrolyzed. It is therefore conceivable that this stage of reaction 
might mark the maxima or minima of certain soil properties. The author’s 
conclusion, arrived at elsewhere (2), that to produce maximum dispersion of 
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soil for mechanical analysis the suspension must be made alkaline to phenol- 
phthalein, is thus rendered comprehensible. 

SUMMARY 

Soils react with bases very slowly, and equilibrium condition can be reached 
quickly only by adding excess of alkali and removing the excess by leaching 
or by precipitation as some insoluble salt. 

A soil made completely unsaturated can combine with an amount of 
ammonia which may be considered equivalent to its base exchange capacity. 

The pH value of soils containing excess CaCOs, after dilute acid treatment 
and ammonia saturation is approximately the same as that of the soil in the 
natural condition. 
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Hissink (12) in his early work on base exchange in relation to soil reaction 
emphasized the importance and necessity of considering the degree to which 
the soil exchange complex is saturated with bases. He introduced into soil 
science the term “degree of saturation of soils.’’ Numerically expressed, this is 
known as the percentage base saturation. Satisfactory procedures for the 
determination of base saturation have been slow in development, however, and 
the work on base exchange has dealt more with considerations of the exchange- 
able bases than of the exchangeable bases in relation to the total exchange 
capacity of soils, i.e. percentage base saturation. As far as soil reaction is 
concerned, the relation between the exchangeable bases or the exchangeable 
hydrogen and the total exchange capacity is far more important than is the 
knowledge of any one of these values considered alone. 

Since soil acidity is due to the presence of exchangeable hydrogen, it might 
be supposed that a close correlation would exist between the hydrogen-ion 
concentration of soils and their percentage base saturation. Green (9) reports 
that he obtained a good correlation between the hydrogen-ion concentration of 
soils and their percentage base saturation. On the other hand, Joffe and 
McLean (13) state as a result of their work that the hydrogen-ion concentration 
of the water extract of soils adds little to the knowledge of the state of satura- 
tion. Ver>^ little data are presented by these investigators, and the frag- 
mentary data obtained by other investigators aid little in clarifying this ques- 
tion. The recent development of more satisfactory methods, however, makes 
possible a more thorough study of the problem. 

Not only is it desirable to study the relation between hydrogen concentration 
and percentage base saturation, but it is also of fundamental importance to 
study the relation between percentage base saturation of soils and plant growth. 
This paper will deal with the first of these problems. The latter problem has 
been given considerable study by one of the writers, and the results are pre- 
sented in an accompanying paper (25). 

* Published with the approval of the director of the Alabama Agricultural Experiment 
Station. 

* Associate soil chemist and assistant soil chemist, respectively. 
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DETERMINING THE PERCENTAGE BASE SATURATION OF SOILS 

Three values — those for the exchangeable hydrogen, the total exchangeable 
bases, and the total exchange capacity — may be concerned in determining the 
percentage base saturation of soils. Obviously, if any two of these values are 
known the third can be calculated as can also the value for percentage base 
saturation. Thus any one of the following procedures may be used for the 
determination of percentage base saturation of soils: 

a. Determinations of total exchangeable bases and of exchangeable hydrogen. 

b. Determination of total exchangeable bases and of total exchange capacity. 

c. Determinations of exchangeable hydrogen and total exchange capacity. 

Each of these procedures has been used by one or more investigators. No 
attempt will be made here to describe the various methods that have been used 
in studies of the base saturation of soils. Some interesting comparisons of 
methods have been made by Gericke (8), Harada (10), and Turner (29). 
It is obvious that the accuracy of the percentage base saturation data obtained 
will depend on the accuracy of the separate determinations used in obtaining 
the values. 

Because of the difficulty, during the early investigations on base exchange, 
of determining the total exchange capacity or the saturation capacity of soils, 
procedure (a) was the one employed by Hissink (12) and Gedroiz (7) in their 
pioneer investigations. Later work by Kelly and Brown (15), Parker (19), 
and others showed, however, that the methods for determinations of exchange- 
able hydrogen as used by these early investigators were inaccurate. Moreover, 
it was found that determinations of the total exchangeable bases may be sub- 
ject to a considerable error because of the solution of non-exchangeable bases by 
the neutral salt solution used for leaching (17, 23). No very satisfactory 
method was at first available, therefore, for determining the degree of satura- 
tion of soils. 

More recent work has resulted in a better understanding of the base exchange 
reaction of soils, and with this better understanding have come better methods. 
Among the best known of these have been the method developed by Kelly and 
Brown (18) for determining the total exchange capacity and the methods of 
Parker (19) for determining the exchangeable hydrogen. Other methods for 
determining one or the other of the values required in calculating the degree of 
saturation of a soil have been proposed by various investigators (3, 10, 26, 29). 
Schollenberger’s ammonium acetate method (26) of determining both exchange- 
able hydrogen and total exchange capacity is of special interest because of its 
relative simplicity. Instead of leaching the soil with barium acetate, as in 
1‘arker’s method, he leached the soil with ammonium acetate and titrated the 
leachings in order to determine the exchangeable hydrogen content. Since the 
exchange complex was believed to be saturated with ammonium by this treat- 
ment, he determined the amount of ammonia absorbed as a measure of the 
total exchange capacity. In the experience of the writers, considerable diffi- 
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culty was found in getting good duplication in determining exchangeable 
hydrogen by this method, especially on sandy soils, where the amounts deter- 
mined were small. For this reason Parker’s method of determining exchange- 
able hydrogen seemed preferable. Schollenberger’s method, however, makes 
possible the determination of exchangeable hydrogen and of total exchange 
capacity on the same soil sample and with few operations. The writers, there- 
fore, studied the possibility of adapting Parker’s barium acetate method of 
determining exchangeable hydrogen for the determination of the total exchange 
capacity somewhat on SchoUenberger’s principle. Such a method, if proved 
satisfactory, would be more simple and rapid than the method of Kelly and 
Brown (18), especially if the exchangeable hydrogen of the soil was also to be 
determined. 

The method consisted of leaching 10 gm. of soil with 250 cc. of N barium 
acetate of pH 7.0 and titrating the leachate for exchangeable hydrogen. The 
soil was then leached with 250 cc. of neutral N NH4CI in order to replace the 
barium by ammonium, and the excess NH4CI was removed by washing with 
95 per cent ethyl alcohol until chlorides no longer appeared in the leachate. 
The absorbed ammonia was then determined by transferring the soil into a 
kjeldahl flask, distilling with magnesium oxide, and titrating the distillate with 
0.1 iV’ H2SO4. In the following discussion this method will be referred to as the 
Ba(C2H302)2 — NH4CI method of determining total exchange capacity. 

This method was compared with the Ba(OH)2 -* NH4CI method of Kelly 
and Brown as slightly modified by Parker. Some of the results obtained have 
already been given by Parker (22). It was found that the Ba(C2H802)2 — 
NH4CI method almost invariably gave lower values than did the Ba(OH)2 — 
NH4CI method. The diflerences in the values obtained by the two methods, 
although not large numerically, were significant from a percentage standpoint 
and caused considerable difference in the values for percentage base saturation, 
especially with sandy soils of low total exchange capacities. This will be noted 
from a study of the data given in columns two and three of table 1 and also in 
columns three and four of table 2. In table 1 are also given the percentage 
base saturation values for the 15 Coastal Plain soils, calculated on the basis of 
these two methods of determining total exchange capacity. These soils had 
been limed six months previously with precipitated calcium carbonate at the 
rate of one ton to the acre in greenhouse pots. Since determinations of 
exchangeable hydrogen were made on both the limed and unlimed soil, this 
made possible calculations of the percentage base saturation at two uniform 
pH values. The results are given in the last four columns of table 1. It will 
be noted that significant differences were obtained in the percentage base 
saturation values, depending on which method was used in determining the 
total exchange capacity. This was especially true at the lower pH value. 

It is evident that either the Ba(OH)2 — NH4CI method gives high values, the 
Ba(C2Hs02)2 ■— NH4CI method gives low values, or that there are discrepancies 
in both methods of determining total exchange capacity. Parker (22) has 
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suggested the former possibility on the basis that very drastic treatments of the 
soil with Ba(OH )2 may further increase its total exchange capacity. On the 
other hand, Kelly and Brown (18) used a preliminary treatment with an 
alkaline solution because they believe that the affinity of the hydrogen ions for 
the exchange complex, particularly the organic exchange complex, is so great 
that complete reversibility is facilitated by the use of an alkaline solution. 

In order to make a further study of these two methods of determining total 
exchange capacity, 10 of the soils used in this investigation were limed at two 
different rates, one calculated to bring them to neutrality and the other to 
above neutrality. After one year, when the calcium carbonate had come to 
equilibrium with the soil, determinations of total exchange capacity were made 
by the two methods on the treated and on the limed samples. The results are 
given in table 2. It was found that the total exchange capacity values as 
determined by the Ba(OH )2 — NH4CI method were practically the same for the 
limed and the unlimed samples of each soil. On the other hand, the values 
obtained by the Ba(C 2 H 302)2 — NH4CI method were greater with the limed 
soils than with the untreated soils. In the last two columns of the table are 
given the percentage differences in the total exchange capacity values obtained 
by the two methods. It will be noted that whereas the Ba(C 2 H 302)2 — NH4CI 
method gave values considerably lower than did the Ba(OH )2 — NH4CI 
method on the unlimed soils, it gave values for the limed soil which were very 
similar to those obtained by the latter method. 

These results can be explained on two different hypotheses. In the first 
place, it may mean that liming a soil, like treating it with an alkaline solution as 
in the Ba(OH )2 — NH4CI method, causes an increase in the total exchange 
capacity of the soil. On the other hand, the results might be explained on the 
basis of more complete replacement of hydrogen by the Ba(OH )2 -- NH4CI 
than by the Ba(C 2 H 502)2 — NH4CI method. This would mean that the 
exchangeable hydrogen values obtained by the barium acetate method are low. 
The true exchangeable hydrogen values would then be represented by the sum 
of the hydrogen obtained by the barium acetate method and that which is 
further replaced by an alkaline solution as measured by the increase in total 
exchange capacity obtained by the Ba(OH )2 — NH4CI over that by the 
Ba(C2H802)2 — NH4CI method. It is interesting to note in table 3 that the 
p>ercentage base saturation values of the soils at pH 4.80 based on these two 
hypotheses are very similar. These values are quite different, however, from 
those obtained by using the results from the Ba(OH )2 — NH4CI method for 
total exchange capacity and the barium acetate method for exchangeable 
hydrogen. The writers believe that the first hypothesis is tenable and that the 
Ba(C2H302)2 -- NH4CI gives a better value for saturation capacity than does 
the Ba(OH )2 — NH4CI method. In the first place, the studies of Burgess ( 5 ), 
Magistad (19), and others lend considerable evidence to the belief that the total 
exchange capacity of a soil can' be increased by treating it with an alkaline 
solution. Secondly, Parker (22) has shown that the barium acetate method 
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gives very similar values for exchangeable hydrogen as do two other methods 
based on different principles. Moreover, he found that the soils were approxi- 
mately neutral in reaction after being leached with neutral barium acetate. 
The conception that the barium acetate method gives true values for exchange- 
able hydrogen is also believed to be in better harmony with the meaning of a 
saturated soil. Although there is some difference in opinion as to the meaning 
of the saturation or total exchange capacity of soils the wTiters are in agreement 
with the definition given by Bradfield (3) that saturation capacity refers to the 
limit to which a soil can be saturated with bases by means of neutral salts. 

It may be tentatively assumed, therefore, that the higher total exchange 
capacity values obtained by the Ba(OH )2 — NH4CI method than by the Ba 
(C2H802)2 — NH4CI method and the higher values obtained on limed than on 
unlimed soil by the latter method, are caused by a so-called “build-up” or 
increase in the total exchange capacity of the soil. For this reason the 
Ba(C2H302)2 — NH^Cl method of determining total exchange capacity and the 
barium acetate method for exchangeable hydrogen were used in this investi- 
gation in calculating the percentage base saturation of the soils at the different 
pH values. 

THE PERCENTAGE BASE SATURATION OF SOILS AT DEFINITE pH VALUES 

In table 1 , to which reference has already been made, are given the percentage 
base saturation values of 15 sandy Coastal Plain soils. Since limed and 
unlimed samples of these soils were available, it was possible to calculate these 
values at two different pH values. The calculated values for percentage base 
saturation at pH 5.55 and pH 6.0 are given in the ninth and in the last columns 
of this table. It wdll be seen that at pH 5.55 the percentage base saturation 
values ranged from 27.0 to 48.9, and at pH 6.0 beween 43.1 and 62.4. These 
data show that the soils of similar origin and degree of weathering may differ 
considerably in their degree of saturation at like pH values. 

Soils formed under different climatic conditions and of various degrees of 
weathering had been studied by one of the writers in some accompanying 
studies of the relation between soil acidity and plant growth (24) and also in 
studies of the buffer capacity of soils. The soils investigated had each been 
brought to different degrees of acidity in pots in the greenhouse, by treatment 
with precipitated calcium carbonate or with acid. The treatments of the first 
13 soils of table 4 are fully described in an accompanying paper (24). The last 
two soils of table 3 were originally very acid and therefore had received only 
lime treatments. In all cases the lime was added in the form of precipitated 
calcium carbonate. Both the lime and the acid were allowed to react with 
the soil in a moist condition for nine months before the studies of percentage 
base saturation were made. The hydrogen-ion concentration of the soils was 
determined by the “dialysis-colorimetric method” (25). 

In table 4 are given the values for the percentage base saturation of the soils 
at five definite pH values. If, for example, the percentage base saturation 
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values at pH 4.80 are considered, it will be noted that there is a wide variation 
between soils in this regard. Whereas soils 674 and 675 were less than 10 per 
cent saturated with bases at pH 4.80, soils 670, 673, 686, and 641 were over 50 
per cent saturated at this same pH value. 

Similar differences in the percentage base saturation values of the various 
soils are obtained at the other pH values. As the soils approach neutrality, 

TABLE 1 

The percentage base saturation of soils based on two differerU methods of determining total exchange 

capacity 
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Greenville loam 

7.43 

6.90 

5.55 

3.53 

6.25 

2.13 

52.5 

48.9 

64.7 

61.9 

Orangeburg very line 
sandy loam 

7.25 

5,60 

5.55 

3.40 

6.15 

2.20 

53.0 

39.3 

65.5 

55.3 

Norfolk fine sandy loam, , . 

8.29 

6.63 

5.55 

4.40 

6.00 

3.47 

47.0 

33.5 

58.3 

47.8 

Orangeburg sandy loam ... 

5.44 

4.03 

5.55 

2.67 

6.20 

1.67 

51.0 

33.8 

64.0 

51,1 

Susquehanna very fine 
sand 1 

3.84 
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2.07 
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4.95 
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5.65 

2.13 

56.7 

42.1 


.... 

Greenville sand 

1,62 

1.71 

5.45 

1.13 

6.70 

0.20 

35.0 

38.0 

56.0 

58.1 

Greenville pebbly loam — 

2.85 

2,70 

5.40 

1.60 

6.60 

0.73 

47.6 

! 44.5 

59.3 

57.0 

Norfolk sandy loam 

3.71 

3,00 

5.55 

1,87 

6.35 

0,87 

49.6 

37.7 

65.0 

56.8 

Norfolk sandy loam 

2.85 

2.52 

5.40 

1.60 

6.30 

1 0.80 

48.4 

41.8 

62.8 

57.9 

Greenville sand 

1.71 

i 1.46 

5.20 

1.13 

6.80 

i 0.33 

44.0 

34.2 

1 57.5 

50.2 

Oraneebure fine sand 

1.86 

1.43 

5.40 

0.87 

6.85 

0.20 

56.0 

42.7 

1 68.0 

58.5 


the differences in the percentage base saturation values between the various 
soils become less. This should be expected if soils are completely saturated 
with bases at pH 7.0. It will also be noted that as the soils approach neutrality 
they approach complete saturation. These results are t)rpical of results 
obtained on other soils. With most soils it has been found that complete 
saturation, as determined by the methods used, is reached at pH 7.0, which fact 
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TABLE 2 

The total exchange capacity of untreated and of limed soils as determined by the Ba 
NH4CI and the Baif^^HiO'^jr^H^Cl methods 
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5.75 

2.35 
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7.00 

2.05 
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2.29 

2.25 
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1.7 
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5.60 

14.54 

13.28 

6.80 
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7.38 
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8.7 
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5.53 

4.35 
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4.28 
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7.8 
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TABLE 3 

The percentage base saturation of soils at pH •tM as determined by different methods 


SOIL NUliBER 

NETHOO 1 

ICETHCJD 2 

METHOD 3 

670 

57 

52 

62 

671 

32 

28 

41 

672 

10 

8 

32 

673 

77 

76 

77 

674 

6 

5 

19 

675 

9 

7 

28 

676 

32 

29 

37 

678 

20 

IS 

28 

679 

43 

40 

45 

680 

18 

15 

31 . 


Method 1 is based on the total exchange capacity determined by the Ba(C2H80s)2— NH4CI 
method and on the exchangeable hydrogen determined by the barium acetate method. 

Method 2 is based on the total exchange capacity determined by the Ba(OH)t —NBUCl 
method, and the exchangeable hydrogen obtained by the barium acetate method plus the 
hydrogen measured by the difference between the values for total exchange capacity obtained 
by the Ba(OH)2 - NH4CI and the Ba(CyaA)* ~ NH«C1 methods. 

Method 3 is based on the total exchange capacity determined by the Ba(OH)i — NHiCl 
method and the exchangeable hydrogen determined by the barium acetate method. 
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indicates that the exchange complex saturated with calcium as the principle 
exchange cation does not undergo much hydrolysis. 

In general, the soils from the Coastal Plain and Piedmont Plateau Provinces 
are lower in percentage base saturation than the other soils which are younger 
and less highly weathered. Three apparent exceptions, however, were obtained. 
These were the two Susquehanna soils and the Octibbeha clay. All these soils 
had a higher degree of saturation at given pH values than the other soils of the 
Coastal Plain, and two of these had just as high values as most of the other 
soils studied. It is significant, however, that all three of these soils are from 

TABLE 4 


The percentage base saturation of soils of different origins at like pH values 
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84 
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Ala. 

19.36 

52 

66 


82 i 

86 

641 

Susquelianna clay 

Ala'. 

34.25 

55 

70 


85 

94 
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10.18 

33 

43 

55 
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81 


the Coastal Plain Black Belt, and that they are less highly weathered than the 
other soils of the Coastal Plain or Piedmont Plateau provinces. 

The values for percentage bases saturation at pH 4.80 for soils 672, 674, and 
675 seem low. They are what might be expected, however, when it is con- 
sidered that the pH values of the desaturated colloids from these soils were 
found by Baver and Scarseth (2) to be between 4.40 and 4.75, whereas those of 
the colloids from the soils giving higher degrees of saturation were pH 4.0 or 
less. On the other hand, the base saturation values for some of the other soils 
at low pH values seem high. It is difficult to understand, for example, how 
soil 673 can be 77 per cent saturated with bases at pH 4.80. Some evidence for 
the belief that this value may be high has been obtained by Baver and Scarseth 
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(2) who determined the percentage base saturation from the titration curve of 
the electrodialyzed colloid from this soil. They obtained by this method con- 
siderably lower degrees of saturation than are here reported. When the 
exchangeable bases in this soil at pH 4.7S, determined by electrodialysis, were 
used for the calculation of percentage base saturation, however, very similar 
values were obtained to those reported in the present study. As a further check 
on this soil, the exchangeable bases of the treated soil having a pH value of 4.75 
and of the soil having a pH value of 5.80 were determined by Kappen^s method 
(15). The value obtained at pH 4.75 was 8.80 mgm. equivalents and at pH 
5.80, 10.50 mgm. equivalents. The exchangeable hydrogen values for these 
two samples were 2.80 and 0.90 mgm. equivalents, respectively. It appears that 
the values for exchangeable bases are higher than those obtained by difference 
in the present study. This is probably due to a solubility of non-exchangeable 
bases by the 0.1 N acid used in Kappen’s method. It is significant, however, 
that the percentage base saturation values based on Kappen's method for 
exchangeable bases and those based on the barium acetate method for 
exchangeable hydrogen agree closely. A further study of this soil is being 
made, but it appears from the evidence at hand that allhougti the values 
obtained may be slightly high this soil has a high percentage base saturation at 
low pH values. Possible explanations for the difference in the percentage base 
saturation of different soils at like pH values will be considered in the next 
section. 

It is interesting to compare briefly the data on percentage base saturation 
obtained in this study with some of those obtained by other investigators who 
have used different methods. Mention will not be made here of data based on 
Hissink’s original method, for Harada (10), Turner (29), and others have shown 
that his method gives low values for percentage base saturation. 

Page and Williams (20) obtained base saturation values of 7.9 per cent at pH 
4.04 and 29.0 per cent at pH 4.48 for soils from the Rothamsted Grass Plats. 

Joffe and McLean (14) reported the percentage base saturation value for six 
soils and their subsoils of the Chenango series. Three of the soils had pH 
values of 5.0, and the percentage base saturation values were 43.70, 49.30, and 
36.92. The subsoils showed a higher degree of saturation than the surface 
soils of similar pH values. 

Conrey and Schollenberger (6), using the method previously referred to, 
determined the percentage base saturation of various horizons of a Clermont 
silt loam. They also obtained some evidence that the deeper subsoil is more 
highly saturated than the surface soil at the same hydrogen ion concentration. 
The surface soil at pH 5.92 w^as 48 i>er cent saturated, whereas the soil sample 
at 36 to 48 inches at the same pH value was found to be 81 per cent saturated 
with bases. 

Hiarada (10), working with Japanese soils, reported percentage base satura- 
tion values for 16 soils whose pH values ranged from 4.48 to 6.43. The per- 
centage base saturation values ranged from 13.6 with a soil of pH 5.94 to 77.2 
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with a soil of pH 6.0. Although he states that the degree of saturation can be 
correlated with the pH values, it is evident from his results that soils of the same 
pH values may have very different degrees of saturation. 

Although close agreement cannot be expected between the results obtained 
by these various investigators and those reported in this study because of 
differences in soils and in the methods used, nevertheless, the data tend to 
substantiate the fact that soils of the same pH values may be very different in 
regard to percentage base saturation. 

The differences obtained in the percentage base saturation of various soils at 
like pH values are of considerable practical as well as theoretical importance. 
These results show very definitely that the hydrogen ion concentration of soils 
does not truly represent the condition of soils with respect to acidity. In an 
accompanying paper (24) it is shown that within certain limits the growth of 
acid-sensitive crops on acid soils is 'much more closely correlated with the 
percentage base saturation than it is with the hydrogen-ion concentration of the 
soils. Likewise, it may be true that the biological activities of soils are more 
dependent on the degree of saturation of the soils than on their hydrogen-ion 
concentration. 

FACTORS AFFECTING THE PERCENTAGE BASE SATURATION OF SOILS AT DEFINITE 

pH VALDES 

In explaining the fact that soils differ greatly in their percentage base 
saturation at given pH values, the following factors should be considered: 

Presence of soluble acids 

Nature of the bases in the exchange complex 

Nature of the exchange complex as might be revealed by 

a. Organic matter content of the soil 

b. Silica^sesquioxide ratio of soil colloid 

c. Total exchange capacity of soil colloid 
Strength or avidity of the soil acids. 

It might be expected that the presence of soluble acids in a soil would cause a 
relatively high degree of saturation at given pH values. Although most of the 
soils used in this study received acid treatments they were thoroughly leached 
to remove the soluble acids, and cropped to corn before they were studied. 
Some evidence for the effect of soluble acids was noted, however, with someother 
sandy soils which had been heavily fertilized with ammonium sulfate in the 
greenhouse and not subjected to leaching. Under ordinary conditions, how- 
ever, the presence of soluble acids is not an important factor and cannot explain 
the major differences between soils obtained in this study. 

A study was made of the nature of the bases in the exchange complex of some 
of the soil colloids. Since soils containing in the exchange complex monovalent 
bases, such as sodium, hydrolyze to a greater extent than do those containing 
diva\ent\>ases, such as caicium, it might he expected that the relative propor- 
tion of the various bases in the exchange complex would have some influence 
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on the percentage base saturation of soils at like pH values. It was found that 
calcium and magnesium constituted the greater portion of the exchangeable 
bases of all the colloids, and no correlation could be established between the 
proportion of monovalent to divalent bases and the degree of saturation at like 
pH values. For example, soil colloids 673 and 683 had higher proportions of 
monovalent to divalent bases than most of the other colloids and yet their 
percentage base saturation at given pH values is high. The data obtained, 
however, are not conclusive, for the colloids were of different degrees of satura- 
tion. It is very probable that if a soil contains a large proportion of exchange- 
able sodium, it would, because of hydrolysis of the exchange complex, show a 
lower degree of base saturation at the various pH values than a similar soil 
containing a greater proportion of exchangeable calcium. 

The fact that soils vary considerably in percentage base saturation at like 
pH values is not surprising, however, if it is considered that the nature of the 
exchange complex of various soils may be quite different, and that the acid in 
the exchange complex of one soil may differ from that in the exchange complex 
of another soil. It seemed of interest, therefore, to study briefly some soil 
properties which might be correlated with the nature of the soil acids present 
and consequently with the percentage base saturation of soils at like pH values. 

Since the organic matter of soils has base exchange properties, it might be 
argued that the percentage base saturation of the organic exchange complex is 
different from that of the inorganic exchange complex at like pH values. Soils 
with a high content of organic matter might, therefore, be expected to give 
different percentage base saturation values at a certain hydrogen-ion concen- 
tration than soils which have a very low content of organic matter. A study 
of the organic matter content of .some of the soils investigated, however, failed 
to show any relationship between the percentage of organic matter and the 
percentage base saturation of the soils at like pH values. This will be noted by 
referring to table 1 of the accompanying paper (24). It is recognized, however, 
that a determination of total organic matter probably gives little indication of 
the organic matter that is active in base exchange or of the nature of the organic 
acids present. 

Parker and Pate (23) and Anderson and Mattson (1) have shown that the 
silica-sesquioxide ratio of soil colloids bears a relation to their base exchange 
properties. That being true, it was thought that some correlation might be 
found between the silica-sesquioxide ratio of the soil colloids and the percentage 
base saturation of the soils at like pH values. Eleven soil colloids, which had 
been extracted by means of the supercentrifuge, were analyzed and their silica- 
sesquioxide ratios calculated. The results obtained are presented in table 5. 
A study of the ratios obtained and of the percentage base saturation values at 
like hydrogen-ion concentrations shows that in general soils of a high ratio 
seem to have higher degrees of saturation than soils with colloids of low silica- 
sesquioxide ratio. For example, the five soils which have the highest silica- 
sesquioxide ratio are also the five soils which have the highest degree of satura- 
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tion at pH 4.80. It is also significant that these five soils are less highly 
weathered than the other six soils showing a lower degree of saturation and a 
lower silica-sesquioxide ratio. 


TABLE 5 


The sUka-sesquioxide ratio and total exchange capacity of extracted soil colloids as rdated to the 
percentage base saturation of the soils at pH d,80 


SOIt 

NUMBEIt 

SOIL TYPE 

TOTAL 

SiOa 

TOTAL 

AisOt 

TOTAL 

FejOl 

MOLS S 1 O 2 
ifOLS K»Oa 

TOTAL 

EXCHANGE 

CAPACITY 

BASE 
SATOKA' 
TION OP 
SOIL AT 

pH 4.80 



per cent 

Per cent 

percent 


tngm. eq. 

Per cent 

670 

Grundy silt loam 

41.32 

17.85 

8.75 

2.99 


57 

671 

Cory silt loam 

49.31 

21 54 

7.23 

3.20 

22 

32 

672 

Cecil sandy loam 

39,79 

32.25 

8.99 

1.78 

14 

10 

673 

Delta light silt loam 

49.32 

25.67 

9.16 

2.66 

32 

77 

674 

Cecil clay loam 

34.35 

29.13 

12.55 

1.57 

13 

6 

675 

Norfolk sandy loam 

41.01 

32.53 

5.75 

1.92 

22 

9 

676 

Colby silt loam 

47.43 


6.80 

3.18 

32 

32 

678 

Cecil clay 

36.00 

33.45 

12.38 

1.48 

15 

20 

679 

Miami silt loam 

52.90 


1 7.15 

3.97 

30 

43 

680 

Greenville fine sandy 
loam 

39.83 

1 33.95 

8.86 

1.62 

20 

18 

683 

Susquehanna fine sandy 
loam 

39.55 

26.69 

7.44 

2.01 

33 

28 


TABLE 6 

The strength or avidity of soil acids as related to the percentage base saturation of soils at 

pH 4,80 


SOIL NUMBEE 

H-ion 

CONCENTR\TION 

FXCHANGEABLF. 
HYDROGEN CONTENT 

avidity* of 

EXCHANGEABLE 

HYDROGEN 

PERCFNTAGE BASE 
SATURATION AT 

pH 4 80 


pH 

mgm. eq. 




4.80 

, 11.15 

22.4 

57 


4.85 

5.25 

18,0 

32 


4.80 

4.95 

12.8 

10 


4.80 

2.20 

20.0 

77 


4.75 

4.75 

13.8 

6 


4.75 

1.70 

16.5 

9 


4.80 

9,10 

20.5 

32 


4.93 

5.15 

18.0 

43 

680 

4.80 

5.70 

14.4 

18 

683 

4.85 

2.57 

17.0 

28 

684 

4.80 

2.47 

14.6 

20 


* Avidity is the actual percentage of total H replaced by the base K when the amount of 
KQiHiOs used is chemically equivalent to the amount of exchangeable H. 


The total exchange capacity of the soil colloids are also given in table 5, and 
it will be noted that there is also a general relationship between these values 
and the percentage base saturation of the soils at pH 4.80. A very definite 
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correlation, however, between the silica-sesquioxide ratio or the total exchange 
capacity of the soil colloids and the percentage base saturation of the soils at 
given pH values is not obtained and is probably not to be expected, for the 
former values can be considered only partially indicative of the chemical nature 
of the exchange complex. 

Various investigators have shown that the acids found in different soils or 
even in the same soil may be quite different. Truog (28) in his early work on 
soil acidity found that the acids in different soils vary in strength or avidity, 
and he proposed a method for determining the strength or avidity of soil 
acids based on the competition of the soil acids and of acetic acid for the base, 
potassium. Later, Tidmore and Parker (27) and Parker (22), using Truog’s 
principle, also obtained marked differences in the strength of acids found in 
different soils. Parker also obtained evidence that the acids in the exchange- 
able condition in the same soil may be quite different. These results might be 
taken to indicate that soil acids differ in their degree of dissociation. If that is 
true, the hydrogen-ion concentration of soils can be looked upon as dependent 
on the percentage base saturation and on the degree of dissociation of the soil 
acids. Soils whose acids have a high degree of dissociation would, therefore, 
have at any definite pH value a higher degree of saturation than soils whose 
acids have a lower avidity or are less dis.sociated. 

Studies were made of the avidity of the acids of the soils used in this study. 
For this purpose the soil samples at a pH of about 4.80 were used. The pro- 
cedure used was that described by Parker (21) except that the soil suspensions 
treated with potassium acetate were allowed to stand over night before filter- 
ing. The data obtained are given in table 6. The results show very definitely 
that the avidity of the soil acids from the different soils varies considerably. 
Since these soils were at about tlie same pH values, it is evident that the hydro- 
gen-ion concentration of soils does not give an entirely accurate picture of the 
strength of soil acids. The avidity of the exchangeable hydrogen or rather of 
the acids in the exchange complex varies from 13.8 with soil 674 to 22.4 with 
soil 670. The data show that the soils of the Piedmont Plateau and Coastal 
Plains which have undergone the greatest degree of weathering have acids of 
lower strength or avidity than do the other less weathered soils. Moreover, it 
is significant that the soils with acids of high avidity have a higher degree of 
saturation at pH 4.80 than do soils with acids of low avidity. This shows that 
the difference between the percentage base saturation of different soils at like 
pH values can to some extent be explained by the fact that the acids of differ- 
ent soils at like pH values may differ considerably in strength or avidity. 
Further evidence for this conclusion is obtained from the data given by Tidmore 
and Parker (27, p. 333) in which they found that the Susquehanna clay 
subsoil had relatively much stronger acids as measured by Truog’s avidity 
method and by the sugar invesion test than by the determination of hydrogen- 
ion concentration. It wiU be remembered that the percentage base saturation of 
the Susquehanna clay used in this study, which was obtained from the same area 
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as was the one they used, gave a high degree of saturation at given pH values. 
The recent results obtained by Baver and Scarseth (2) are also very significant. 
They found that the relative strength of the acids found in some of the colloids 
extracted from these soils, as measured by multiplying the amount of acids 
present in the desatyrated soil colloid by the dissociation constant of the acids, 
were very similar to the values for the relative strength of the acids found in this 
study. 


SUMMARY 

A study was made of the determination of the percentage base saturation of 
soils when based on the Ba(OH )2 — NH4CI and the Ba(C2H202)2 — NH4CI 
methods of determining total exchange capacity. It was found that the 
Ba(OH )2 “ NH4CI method gave values for total exchange capacity which 
averaged 17.9 per cent higher with a group of sandy soils and 12.3 higher with a 
group of heavier soils than did the Ba(C2Hs02)2 NH4CI method. With the 
limed soils of the latter group the Ba(OH )2 — NH4CI method gave values which 
averaged only 4.4 per cent higher. These results are interpreted to mean that 
liming, like treating a soil with an alkaline solution, re.sults in a “build-up” 
or the formation of additional exchange complex. For this reason the 
Ba(C2H202)2 — NH4CI method seems preferable in the determination of total 
exchange capacity. The percentage base saturation data given in this study 
were therefore calculated from the total exchange capacity values obtained 
by the Ba(C 2 H 302)2 — NH4CI method and the exchangeable hydrogen values 
obtained by the barium acetate method. 

A study was made of the percentage base saturation of a number of soils of 
similar and of different origins at like pH values. It was found that soils of the 
same reaction may vary considerably in their percentage base saturation. In 
general, it was found that the highly weathered soils, such as those from the 
Piedmont Plateau and some from the Coastal Plain, have a lower degree of 
saturation at given pH values than less weathered soils, as those from the 
Coastal Plain Black Belt and the Glacial and Loessial Province. 

No relation was found Ixj tween tlie organic matter content of soils or the 
nature of the bases present in the exchange complex and the percentage base 
saturation of the soils at like pH values. The silica-sesquioxide ratio and the 
total exchange capacity of the colloids extracted from the soils showed a 
general, although imperfect, correlation with the percentage base saturation 
values of the soils at like pH values. 

Determinations were made of the avidity of the soil acids in the different 
soils at similar pH values. It was found that the avidity or strength of the 
acids present was quite different for different soils. In general, highly weath- 
ered soils were found to have weaker acids than less weathered soils. A good 
correlation was obtained between the avidity of soil acids and the percentage 
base saturation of soils at pH 4.80. 



PERCENTAGE BASE SATURATION OF SOILS 


113 


REFERENCES 

(1) Anderson, M. S., and Mattson, S. 1926 The properties of the colloidal soil material. 

U. S. Dept. Agr. Bui. 1452. 

(2) Baver, L. D., and Scarseth, G. D. 1930 The nature of soil acidity as affected by the 

Si02-sesquioxide ratio. Paper presented at meeting of American Chemical 
Society, Atlanta. April, 1930. 

(3) BRADFIE1.D, R. 1924 The importance of hydrogen-ion concentration in physico- 

chemical control studies of heavy soils. Soil Sci. 1 7 ; 41 1-422. 

(4) Bray, R. H. , and Filhite, F. M. 1 929 The determination of total replaceable bases in 

soils. Anal. lid. Indus, and Kngin. Chetn. 1 : 144. 

(5) Burgess, P. S. 1929 The so-called ‘‘build-up’^ and “break-down” of soil zeolites 

as influenced by reaction. Ariz. Agr. Exp. Sta. 'J ech. Bui. 28. 

(6) CONREY, G. W., AND ScHOiXENBERGER, C. J. 1927 The effect of weathering on 

exchangeable bases as shown in the Clermont silt loam profile. Proc. InlernaU. 
Soc. Soil Sci. 2 \ 212-229. 

(7) Gedroiz, K. VON 1924 Soils deficient in bases. Methods of determination of hydro- 

gen-ions present in an absorbed condition. I'he requirement by soils of lime to 
neutralize unsaturation (Irans. title). Proc. InlernaU. Soc. Soil Sci. 2: 57 (abs.). 

(8) Gericke, S. 1927 Comparative experiments on the methods for determining the 

saturation condition of tlie soil. Zeilschr. Pflanzenornahr. u. DUngung Bodenk. 
A9: 2(W4. 

(9) Green, T. C. 1929 l^he relation of exchange calcium and magnesium to the reaction 

and inorganic content of soils. Ohio Agr. Exp. Sta. Bui. 431 (47th Ann. Rpt.) 

(10) Harada, M. 1929 On the exchangeable bases in soils (trans. title). Proc. InlernaU, 

Soc. Soil Sci. 4: 139 (abs.). 

(11) Hissink, D. J. 1923 Methods for estimating absorbed bases in soils and the impor- 

tance of these bases in soil economy. Soil Sci. 15: 269-276. 

(12) His.stnk, D. j. 1925 Base exchange in soils. General views. Trans. Faraday Soc, 

20: 551-566. 

(13) JoFPE, J. S., and ^IcLean, H. C. 1926 Colloidal behavior of soils and soil fertility: 

II. The soil complex capable of base exchange and soil acidity. Soil Sci. 21: 
181-195. 

(14) JOFFE, J. S., AND McLean, H. C. 1927 Colloidal behavior of soils and soil fertility: 

III. Cation replacement and saturation of soil with Ca. Soil St i. 23 : 127-137. 

(15) Kappen, H. 1928 Der Sal tigungszu land desBodensund seine Bestimmung. Fortschr, 

Landw. 3: lOlL-114. 

(16) Kelly, W. P. 1929 The determination of the base exchange capacity of soils and a 

brief discussion of the underlying principles. Jour. Amcr. Soc. Agron. 21: 1021- 
1029. 

(17) Kelly, W. P., and Brown, S. M. 1924 Replaceable bases in soils. U. of Calif. 

Tech. Paper 15. 

(18) Kelly, W. P., and Brown, S. M. 1928 Base unsaturation in soils. Proc. First 

InlernaU. Cong. Soil Sci. 2 : 491-507. 

(19) Magistad, O. C. 1929 The use of artificial zeolites in studying base exchange phe- 

nomena. Jour. Amcr. Soc. Agron, 21: 1045-1056. 

(20) Page, H. J., and Williams, W. 1924 Studies on base exchange in Rothamsted soils. 

General Discussion of Faraday Society, December, 1924. 

(21) Parker, F. W. 1928 Methods for the determination of the amount and avidity of 

exchangeable hydrogen in soils. Proc. First InlernaU. Soc. Soil Sci. 2: 164-174. 

(22) Parker, F. W. 1929 The determination of exchangeable hydrogen in soils. Jour. 

Atner. Soc. Agron. 21: 1030-1039. 



114 


W. H, PIERRE AND G, D. SCARSETH 


(23) Parker, F. W., and Pate, W. W. 1926. Base exchange in soil colloids and the 

availability of exchangeable calcium in different soils. Jour, Amer, Soc, Agron, 
18 : 470-482. 

(24) Pierre, W. H. Hydrogen-ion concentration, percentage base saturation, and aluminum 

concentration in the soil solution as affecting plant growth on acid soils. SM 
Set. In press. 

(25) Pierre, W. H., and Parker, F. W. 1927 The use of collodion sacks in obtaining 

clear soil extracts for the determination of the water soluble constituents. Soil 
Set. 23: 13-32. 

(26) ScHOLLENBlsRGER, C, J. 1927 Exchangeable hydrogen and soil reaction. Science 

65: 552-553. 

(21) Tidmore, J. W., and Parker, F. W. 1924 Methods of studying the strength of soil 
acids. 18: 331-338. 

(28) Truog, £. 1916. A new app>aratus for the determination of soil carbonates and new 

methods for the determination of soil acidity. Jour. Indus. Eng. Chem, 8 : 341. 

(29) Turner, P. E. 1928 An investigation of the method of Page and Williams for the 

determination of the saturation capacity of soils. Jour. Agr. Set. 18: 257-265. 



A MATHEMATICAL STUDY OF THE DECREASE OF CROP YI^DS 

J. DUDLEY GREAVES 
Utah Agricultural Experiment Station^ 

Received for publication May 3, 1930 


The factors underlying and controlling the general processes of plant growth 
and nutrition arc understood only to a very limited extent. It is known, how- 
ever, that in any soil there are plant nutrients which are present in quantities 
smaller than required for optimum plant growth. The magnitude of the 
deficiency of any soil nutrient from the concentration required for optimum 
plant growth will constitute a limiting factor of plant growth in that soil. 
The most deficient nutrient will thus become a controlling factor of plant 
growth. 

In order to obtain a first approximation of the influence of a deficient element 
on the crop yield we might make the following assumptions without serious 
error: {a) The rate of increase of crop yield with increase of the deficient 
element is proportional to the magnitude of the deficiency of the limiting 
nutrient from an ojitimum concentration; {b) the time rate of depletion of the 
deficient element, provided none is added from outside sources, is proportional 
to the product of the content of the deficient element in the soil and the crop 
yield. These two assumptions lead to the conclusion that the crop yield will 
diminish from year to year at a rate that will be dependent upon the physio- 
logical requirements of the crop for that element and upon the length of time 
plants needing that element have been grown upon the soil. 

Using these assumptions, Greaves and Gardner (2) developed a theoretical 
formula showing the effect on crop yield w^hen sulfur is the deficient element. 
Their formula w^as developed as follow's: 

Let y « crop yield per annum, 

s «= soil content of the deficient clement, 

So ®= soil content of the deficient element for optimum growth of the crop, 
and h represent proportionality constants as yet undetermined, 
i « time. 


* Contribution from departments of physics and bacteriology. Publication authorized by 
director, July 11, 1929. 

The author wishes to express his deep appreciation to Dr. Willard Gardner and to Dr. J. E. 
Greaves for their help and guidance, which has always been available and gladly given. 
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We may then express the assumptions in a mathematical form as follows: 
W) g (s. - s) 

(B) (sy) 

Integrating (^4), we obtain 

(C) y « ki “0+^3 
Differentiating with respect’to the time 


Eliminating ^ by means of (J5), equation {D) becomes 
at 


{E) ^ ^ 

Where c ^ +ki h- 
Equation {E) will integrate giving 



or written in exponential form 

(/?) ^dt 

If we were to assume the integration constant of equation (C), ^ 3 , to be zero, 
the crop yield y will approach zero asymptotically. Equation (£) shows that 
the tangent to the curve of equation (F) will be zero when 5 is at an optimum 
value ^o. We can, therefore, assume without completing the integration that 
the curve of equation (F) will be of the form shown in figure 1. The slope of 
the curve will be determined by the crop grown. 

In ordei to test further the validity of the foregoing assumptions, the author 
has taken the Rothamsted experimental data for those plots continually 
cropped without the addition of manure. Nitrogen in this case is probably the 
limiting plant nutrient. 

The raw data were found to be very erratic, and in order to eliminate a part 
of this fluctuation, they were smoothed by taking an equally weighted moving 
average of 5 points. To do this, the first five crop yields were added together 
and then divided by S; next the second to the sixth, inclusive, year crops were 
treated in the same manner. This was continued over the entire span of the 
experiment. In this manner it was possible to put the data in a rational form 
without markedly altering the general data curve. 
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Because of the difficulty involved in handling the exponential integral it was 
thought advisable as a first attempt to calP — cS(^o — s) sdt = —kL Thus, 
we assume c(^o — s)s to be a function independent of the time. This assump- 
tion will put equation (JF) in the form 

{G) y = 

Taking the logarithm of both sides, equation (G) becomes 


(H) 

Z Zo kt 

Where 

In y 

and 



2o *= In yo 

Equation {H) being linear it should then be possible, if our assumptions are 
correct, to plot the logarithm of the yield against the time and get a straight 
line as a means of evaluating the constant k. This was done on all the 
available Rothamsted data with good confirmation of the theoretical values, as 
shown in figures 2-21, inclusive. It is to be noted, however, that all these 
curves show only a portion of the theoretical curve as plotted in figure 1. 
This is just as would be expected, for in each case the land selected for these 
experiments was in a partially rundown condition, having grown crops for 
many years under imperfect agricultural methods, also even many virgin soils 
arc deficient in some plant nutrients. 

Our work has been limited to the Rothamsted plots because of the long period 
for which accurate data are available for those plots. In this t^pe of work 
data collected over short intervals of time may be misleading. For example, 
in figure 17 there is a marked decline during the years 1859-74 over that of 
the average trend of the data. It is again shown from 1914 to 1925. In this 
type of experimental work run under natural conditions there are environ- 
mental influences such as rainfall and temperature, which will alter greatly 


* .\t the suggestion of Dr, Gardner the integration has been completed by eliminating s 
from equations (C) and (E), giving, 



the integration constant having been obtained by taking t equal to zero when s is at the opti- 
mum 5o. In effect, however, the approximation method here proposed gives a much simpler 
equation and, because of the somewhat erratic nature of the experimental data available, as 
revealed by the graphs, it has not been regarded as a profitable venture to attempt the evalua- 
tion of the three constants of this equation, although, it must be admitted, this would be 
another step toward a better representation of the yield-time relationship. 




Fig. 1 Fig. 2 












120 


J. DTJDLEY GREAVES 


the individual annual yields; yet when taken over a long period will tend to 
equalize themselves and so cause a reverting to the natural course. 

The data taken from the plots of the Ohio and Illinois stations were consid- 
ered, but because of the short time over which accurate data were available 
they have been omitted. 







We have defined our k - <;(5o — s) s. Substituting this value in equation (£) 
we get 

(!) f - - iy 
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It is thus seen that the rate of change of the crop yield with respect to the 
time is determined by the constant k. We may thus define k as the fractional 
rate of change of the crop yield from year to year. 

It wiU be noted that in the rotation crop systems carried out on Agdell field the 
legume system constants are larger than the corresponding fallow system con- 
stants. This would tend to show that the use of a legume system of crop 
rotation will deplete the soil of its nutrients more rapidly than a corresponding 
fallow system of rotation, as earlier pointed out by Greaves (1). 

TABLE 1 


Summary of characteristic constants 


CHOP 

PLACE 

MAXIUUIC 

PROPOKTIONAL' 
ITY CONSTANTS 

Turnip Tops 

Agdell field, fallow system 

901.0 

0.018 

Turnip Tops 

Agdell field, legume system 

795.0 

0.022 

Turnips 

Agdell field, fallow system 

5,506.0 

0.023 

Turnips 

Agdell field, legume system 

2,952.0 

0.036 

Barley Grain 

Agdell field, fallow system 

32.5 

0.016 

Barley Grain 

Agdell field, legume system 

42.0 

0 032 

Barley Straw 

AgdclJ field, fallow system 

1,959.0 

0.013 

Barley Straw 

Agdell field, legume system 

2,312.0 

0.018 

Wheat Grain 

Agdell field, fallow system 

33.0 

0.013 

Wheat Grain 

Agdell field, legume system 

30.2 

0.020 

Wheat Straw 

Agdell field, fallow system 

3,476.0 

0 on 

Wheat Straw 

1 Agdell field, legume system 

3,400.0 

0.012 

Wheat vs. fallow 

Hoos field, no manure 

27.4 

0.014 

Wheat vs. fallow 

Broadbalk field, no manure 

1,600.0 

0.013 

Wheat continually 

Broadbalk field 

16.6 

0.0081 

Grain 




Wheat continually 

Broadbalk field 

16.5 

0.015 

Straw 




Barley continually 

Hoos field 

25.2 

0.022 

Grain 




Barley continually 

Hoos field 

1,160.0 

0.012 

Straw 




Potatoes continually 


83.5 

0 060 

Ilay continually 

Permanent meadow 

5,6.34.0 

0 026 


In the Broadbalk field plots, in which wheat was grown continually, the 
fractional rate of decrease of straw from year to year was 0.0152, whereas in the 
rotation crop system on Agdell field it was 0.0107 for the fallow and 0.0118 for 
the leguminous. This would tend to show that the rate of decrease in crop 
yield with respMjct to the time is greater in the one crop system than in the rota- 
tion system. This same relationship holds on other similar comparisons, as 
shown in table 1. The continued growth of small grains does not tend to 
alter the physical conditions of the soil to the same extent as do crops such as 
hay and potatoes. This would tend, then, to explain the high constant values 
obtained for these two crops. 
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SUMMARY 

An attempt was made to test further the equation for crop yield developed by 
Greaves and Gardner (2). 

Their exponential integral was assumed to be a linear function of the time. 
The formula was then tested on all available Rothamsted data with good con- 
firmation. 

This would tend to establish the two assumptions on which the formula was 
based: 


The rate of increase of crop yield with increase of the deficient element is proportional to 
the magnitude of the deficiency of the limiting nutrient from an optimum concentration. 

The time rate of depletion of a deficient element, provided none is added from outside 
sources, is proportional to the product of the soil’s content of the deficient element and the 
crop yield. 
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During the last few decades much research has been devoted to the study 
of the microscopic fungus flora of the soil, and it is at present a generally 
accepted view that all soils harbor a fairly definite flora of filamentous fungi, 
especially Mucoraceac and Fungi imperfeciL This fungus flora, which varies 
somewhat in its composition according to climatic and soil conditions, takes 
an active part in the microbial decomposition processes in the soil, under 
certain conditions apparently so energetically as to rival the importance of 
bacteria. 

Most of these studies have been carried out on North American, a fair 
number also on European, soils. [For review of the very voluminous literature, 
see the works of Brierlcy (3) and Waksman (58).] In the Scandinavian coun- 
tries, Hagem (18, 10) in Norway carried out a masterly study of soil Muco- 
raceae, and other valuable contributions have been furnished by Sopp (44) 
and Traaen (47). On the fungus flora of Danish soils the information is very 
scanty, Muller (36) was among the first botanists to point out that humus 
soils contain an abundance of fungal hyphae, and that these are of different 
types in peat and mold soils. Rostrup [see Muller et al. (37) ] isolated on agar 
media from three uncultivated heath soils sj^ecies of the genera Oidium, 
Monilia, Penicillium, Dematium, and Hormodendron; from five heath soils 
planted with pine trees Rostrup isolated the same species, and, further, 
Mticor, Fiisicolla, Fmidium, Trichoderma, Citromyccs, Packybasium, Verticil- 
Hum, Stysanus, and four sterile mycelia. Later Rostrup (43) isolated from 
various Danish soils: Mucor ramannianus, Zygorhynchus milleminii, Ahsidia 
cylindrospora , Ahsidia rckidis, and several species of Penicillium, Weis and 
Bondorff (66) isolated from acid forest soils Mucor ramannianus, four PeniciU 
Ha, one Citromyccs, and one Sporotrichum, 

This paper represents an attempt to obtain some information about the 
typical groups of fungi in a series of Danish soils of widely varying character, 
especially cultivated soils, and about the distribution of fungi in relation to soil 
conditions, and their importance in certain biochemical soil processes. 

* Now bacteriologist to The Linnean Society o£ New South Wales, Sydney. 
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The Qualitative and Quantitative Character of the Soil Fungus 

Flora 

In this study, 100 different soils were included viz., 49 field soils, 6 garden soils, 
18 forest soils, 12 moor and meadow soils, 5 heath soils, 5 marsh soils, and 5 other 
uncultivated mineral soils. Some samples were taken for this specific purpose, 
and the rest were soil samples forwarded to the laboratory for chemical analysis 
or lime requirement determination. The samples were examined as soon after 
arrival as circumstances would permit, and all numbers of microorganisms were 
calculated on the basis of fresh, moist soil. The following three methods 
were used: Microscopical examination (9), direct isolation of fungi (49), and 
plate countings. 


microscopical examinations 

The microscopical examinations were carried out with only 30 soils, but con- 
firmed fully the statement of Conn (9): mineral soils were more or less poor in 
mycelium, though the acid soils seemed to harbor more than the neutral and 
alkaline ones. Of the humus soils the neutral and alkaline ones were not richer 
in mycelium than the mineral soils, but an abundance of mycelium was ob- 
served in the distinctly acid humus soils, especially those of peaty character. 
As already pointed out by Muller (36), mostly coarse, dark hyphae pre- 
dominated in these soils; but it is noteworthy that a good deal of this mycelium 
was apparently represented by dead material -Hshort fragments with frayed 
cell walls and apparently devoid of protoplasm; it might seem as if the 
abundance of mycelium is partly due to a defective power of these soils to 
decompose dead fungus mycelium. An exception was shown by a few samples 
of sphagnum-peat (samples 74 and 75, table 1), which in spite of their extremely 
acid reaction appeared very poor in mycelium. This is in agreement with the 
very small numbers of fungi shown by plate counts from these soils, and is 
probably connected with their poverty in mineral nutrients. 

direct isolations 

A number of experiments were made by the method suggested by Waksman 
(49) for distinguishing between spores and vegetative mycelium in the soil— 
inoculation of agar plates with lumps of soil and isolation of the fungi develop- 
ing after 24 hours. The agar medium was that described in the following 
(p. 127), and 45 different soils were tested: 18 field soils, 15 forest soils, 4 moor 
soils, 4 heath soils, 2 marsh soils, and 2 uncultivated mineral soils. Fungus 
hyphae were found radiating from the soil in all cases after 24 hours’ incubation 
at 25®C. The fungi were constantly Mucoraceae or Trichodermae, often both 
groups. They showed the following distribution within the different soil 
groups: 
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From 18 field soils isolated : 

times 

Mucor hiemalis {?) 4 

Zygorhynchus spp 7 

Absidia cylindrospora 5 

Sterile Phycomycetous mycelium . 7 

Trichoderma spp 2 

From 15 forest soils: 

Mucor hiemalis {^) 1 

M ucor circinelloides (?) 1 

Absidia cylindrospora 2 

Sterile Phycomycetous mycelium. 3 

Trichoderma spp 11 

From 4 moor soils: 

Mucor spinosus (?) 2 

Sterile Phycomycetous mycelium. 1 
Trichoderma spp 4 

We see here that the fungi are largely the same as those obtained by Waks- 
man (49) by direct isolation, and further that the soils fall into two well- 
defined groups; namely, field soils, marsh soils, and uncultivated mineral 
soils, w'hich yield mostly Mucoraceae, especially Zygorhynchm Absidia, and a 
peculiar sterile Phycomycetous mycelium (Cunninghamella elegans ?)\ and 
forest, moor, and heath soils, of which the Trichodermae arc characteristic. 
Since the soils of the latter group are, on an average, of a more acid reaction 
than those of the former, it might be imagined that this difference is due to the 
reaction, and that the Mucoraceae occur in an active state mostly in less acid, 
in neutral, or in alkaline soils, the Trichodermae in more acid soils. It is, 
however, not so certain that the fungi obtained by this method are the only 
ones present in the mycelial state, since they are all distinguished by their 
rapidly spreading growth and would easily depress more slowly growing forms. 
A point which greatly supports this view is that the slowly developing Mucor 
ramannianiis occurs wdth so perfect constancy in all forest soils that one can 
hardl}" imagine it occurring only as spores; yet it has never been obtained by 
direct isolation. It is thus not easy to find an explanation for the difference 
between the two groups of soils; perhaps the fungi found by direct isolation 
are those which have the largest amount of mycelium in the soils in question. 
This would be in agreement with the fact that the Trichodermae, is as shown 
subsequently, display their greatest activity in distinctly acid soils. 

PLATE COUNTINGS 

Counts of fungi were carried out in all 1(X) solis according to tlie method 
outlined by Waksman (52), with some slight modifications. ^ The following 

* The suggestions of Brierley et al. (4) for standardizing the technique in quantitative 
work with soil fungi unfortunately could not be used to advantage here, since the experimental 
part of this work was finished before the publication of Brierley^s paper. The same is true 
of the method of McLennan (32) for distinguishing quantitatively between fungus spores and 
mycelium in the soil. 


From 4 heath soils: 

times 


Absidia orchidis 1 

Trichoderma spp 4 

From 2 marsh soils: 

Zygorhynchus sp 1 

Absidia cylindrospora 2 

From 2 other soils: 

Mucor hiemalis (?) 1 

Zygorhynchus spp 2 

Trichoderma sp 1 
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TABLE 1 


Numbers of fungi, bacteria and adinomyces in soils of different character 


M 

g 

a: 

CHAKACTEK OF SOIL 

pH 

FUNGI, 

FEE 

GEAM 

BACTERIA 
-f ACTIN- 
OliYCES 
PEE 
GRAM 

I 

CHARACTER OF SOIL 

pH 

FUNGI, 

PER 

GRAMS 

BACTERIA 
• 1 - ACTIN- 
OMYCES 
PEE 

GRAM 

thou- 

sands 

millions 

thou- 

sands 

millions 


Field soils 



42 

Humus 

6.09 


19.3 






43 

Humus 

7.20 

irBBi 

7.80 

1 

Sand 

4.83 

123.4 


44 

Humus 

3.76 

182.8 

0.40 

2 

Sand 

5.15 

135.4 


45 

Heavy clay 

3.97 

36.7 

1.03 

3 

Sand 

8.10 

127.0 


46 

Heavy loam 

8.35 

75.6 

11.1 

4 

Sand 

7.22 

92.4 

13.4 

47 

Heavy loam 

■mtM 

145.0 

3.53 

5 

Sand 

6.59 

218 0 

12.0 

48 

Heavy loam 

7.23 


10.9 

6 

Sand 

6.91 

166.6 

21.6 

49 

Light loam 

5.56 

257.4 

11.5 

7 

Sand 

7.03 

41.4 

15.7 






8 

Sand 

6.98 

79.0 

17.6 


Garden soils 



9 

Sand 

6.91 

87.2 

22.5 






10 

Sand 

7.16 

108.6 

15.8 

50 

Light loam 

7.15 

252.4 

48.3 

11 

Sand 

6.78 

145.6 

14.9 

51 

Light loam 

7.27 

154.8 


12 

Light loam 

7.32 

68.8 

16.1 

52 

Light loam 

7.18 

154.0 


13 

Light loam 

7.15 

100.4 

17.6 

53 

Humas 

7.22 

176.0 


14 

Light loam 

7.26 

109.4 

20.5 

54 

Light loam 

7.38 

460.0 

102.4 

IS 

Loam 

6.70 

66.6 

19.5 

55 

Light loam 

7.78 

173.2 

25.7 

16 

Loam 

6.86 

80.0 

16.7 




— 


17 

Loam 

6.79 

67.0 

13.0 


Forest soils 



18 

Light loam 

6.30 

63.0 

. ... 






19 

Light loam 

6.36 

80.8 


56 

Loam 

7.75 

166.0 

22.3 

20 

Heavy loam 

6. 22 

107.9 

15.3 

57 ' 

Sand 

5.66 

40.4 


21 

Heavy loam 

7.50 

164.4 

15.8 

58 

Sand 

4.83 

64.0 



22 

Heavy loam 

7.52 

78,0 

16.2 

59 

Sand 

4.97 

229.2 

4.55 

23 

Heavy loam 

6.85 

132.0 

24.0 

60 

Sand 

5.12 

78.0 

0,83 

24 

Sand 

6. 14 

96.4 

10,3 

61 

Humus (“Mould”) 

6,32 

46.0 

5.92 

25 

Sand 

6.35 

104.8 

10.6 

62 

Humus (“Mould”) 

5.94 

45.6 


26 

Sand 

6.48 

113.4 

9.9 

63 

Humus (“Mould”) 

6.06 

52.4 

6 40 

27 

Sand 

6.9f2 

104.4 

11.2 

64 

Humus (“Mould”) 

4.12 

165.0 

0.67 

28 

Sand 

7.36 

112.0 

11.0 

65 

Humus (“Mould”) 

3.34 

108.6 

0.17 

29 

Sand 

7.66 

109.6 

10.5 

66 

Humus (Peat) 

4.32 

82.0 

0.61 

30 

Sand 

5.09 

260.8 

4.45 

67 

Humus (Peat) 

3.65 

140.0 

0.17 

31 

Sand 

6.93 

207.4 

12.6 

68 

Humus (Peat) 

4.01 

174.0 


32 

Sand 

7.40 

198.6 

17.0 

69 

Humus (Peat) 

4.53 

56.0 


33 

Light loam 

6.72 

86.4 


70 

Clay 

5.54 

190.6 

7.10 

34 

Light loam 

7.86 

154.6 


71 

Sand 

5.65 

99.4 

4.40 

35 

Light loam 

5.92 

131.4 

7.40 

72 

Humus 

4.45 

385.2 

3.91 

36 

Light loam 

7.56 

65.6 


73 

Peat 

3.86 

176.0 

0.32 

37 

Heavy loam 

6.74 

89.4 


— 





38 

Clay 

^.96 

98.0 

1,75 


Moor and meadow soils 


39 

' Sand 

5759 

87.2 


— 





4€ 

1 Humus 

3.74 

453.0 


74 

High moor 

3.62 

34.6 

0.095 

41 

Humus 

7.08 

174,0 

25.9 

75 

High moor 

3.86 

33.4 
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TABLE 1 — Concluded 


& 

76 

77 

78 

79 

80 
81 
82 

83 

84 

85 

CBAKACTEB OF SOIL 

pH 

FUNOl, 

P£S 

OKAU 

BACTF.£IA 
-f ACTIN- 
OMYCES 
PCX 
GRAM 

at 

to 

9 

9 

CUAXACTEB OF SOIL 

pH 

FUNGI, 

FEB 

GBAM 

BACTEBIA 
-t ACTIN- 
OMYCES 
PEB 

GBAM 

thou- 

sands 

millions 

thou- 

sands 

millions 

High moor 

High moor 

High moor 

Low moor 

Low moor 

Low moor 

Low moor 

Low moor 

Mud 

Mud 

5.14 

4.58 

4.24 

5.40 

5.20 

5.64 

4.26 

7.61 

4.17 

6.90 

62.0 

220.6 

75.0 

54.0 

108.0 
124.0 
206 0 
121.2 
274.6 

68.6' 

1 

4.64 

1.06 

0.58 

3.55 

3.36 

1.42 

39.3 
1.10 

23.3 

Salt marsh soils 

91 

92 

93 

94 

95 

Very heavy clay 
Very heavy clay 
Heavy clay 

Heavy clay 

Very heavy clay 

6.82 

7.29 
6. 12 

6.29 
5.12 

29.7 

26.0 

24.3 

31.0 

58.6 

8.0 

8.63 

7.80 

Various uncultivated mineral soils 

Heath soils 

86 

Dry peat 

4.40 

40.4 


96 

Light loam 

5.20 

76.6 


87 

Dry peat 

3.85 

183.0 

0.21 

97 

Sand 

7.55 

100.0 

21.8 

88 

Dry peat 

4. 10 

185 . 4 

0.40 

98 

Sand 

8.04 

68 0 


89 

Dry peat 

4.56 

46.6 


99 

Sand 

7.95 

184.0 

52.3 

90 

Dry peat 

4.39 

127.4 

1.23 

100 

Light loam 

8.08 

149.2 

57.6 


medium was used: dextrose, 20 gm.; asparagin, 2 gm.; KH 2 PO 4 , 1 gm.; 
MgS 04 , 0.5 gm.; NaCl, 0.5 gm.; FcCls, 0.1 gm.; agar, 25 gm.; H 20 , 1,000 cc.; 
pH 3.8“4,0. This medium was found preferable to that used by Waksman, 
which, probably on account of its peptone content, was found to have a tend- 
ency to allow a too abundant development of the Mucoraceae and Tricho- 
dermae, so that the more slowly developing fungi may be entirely suppressed. 
The soil suspensions were prepared by shaking usually 10 gm. of soil with 200 
cc. of sterile water for five minutes and transferring 1 cc. to 99 cc. of sterile 
water, whereby a solution of 1;2,(X)0 is obtained. From this suspension 
1-cc, [)ortions were transferred to sterile Petri dishes, and a tube of melted 
agar, cooled to about 42°C., was added to each. Six or eight parallel plates 
were prepared and incubated for four or five days at 25®C. When the colonies 
were counted, a record was made of the relative abundance of the various types 
of fungi occurring on the plates, and representatives of the predominant forms 
were isolated. In 73 of the soils determinations of the numbers of bacteria 
and actinomycetes were also carried out. This also was done according to the 
method of Waksman (53), by plating on the following medium: dextrose, 
2 gm.; casein, dissolved in 10 cc, 0.1 NaOH, 0.2 gm.; K 2 HPO 4 , 0.5 gm.; 
MgS 04 , 0.2 gm.; FeCb, trace; agar, 15 gm.; pH 6.S-6.6, A dilution 
1:10,000-50,000 was generally chosen for the acid soils and one of 1:100,000- 
200,000 for the neutral to alkaline soils; this gave in most cases 50 to 250 colonies 
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to each plate. The counting was carried out after 8 to 10 days* incubation at 
2S®C. Table 1 gives the results of these counts, together with general charac- 
terization of the soils and the pH values, measured by the quinhydrone 
electrode. 


The composition of the fungus flora 
The composition the fungus flora showed the following features: 

The Mucoraceae are a typical group of soil fungi, represented in all the soils examined here. 
Most frequent were: Mucor hiefnalisA\\ie form; Zygorhynchus sp. (Vuilleminii ?); Mucor 
ramannianus which, as previously pointed out by Hagen (18), occurred with perfect constancy 
in all forest soils, generally accounting for the majority of the colonies here. It was further 
common in heath and moor soils and not rare in sandy held soils; it occurred in 17 sandy held 
soils, in 2 humus soils (nos. 42 and 43), and in only one loamy held soil. Absidia cylindro- 
spora occurred with great frequency in soils of all types. A peculiar sterile Phytomycetous 
mycelium, which could not readily be identihed with any previously described organism, was 
found more constantly than any other fungus; it occurred in all soils except 57, 62, 66, 67.* 
Besides these dominating forms several others were found, e.g. Mucor spinosus and Absidia 
orckidis in some heath and moor soils, and Mucor racemosus^ M circinelloides and some other 
non-identihed forms. Rizopus nigricansy which according to Waksman (50) is one of the most 
common soil fungi in North America, was found only once (in 65), and Rhizopus nodusus, 
which has been found very commonly in Norway by Hagen (18), was not met with at all. 
The numbers of Mucor colonics on plates from held soils rarely amounted to more than 12 to 
15 per cent of the total, whereas in the forest soils they often reached 25 to 40 per cent, and in 
the marsh soils they (especially .4 cyllndrosporaBud the sterile mycelium) were absolutely 

dominating, occupying 60 to 80 per cent of the total. 

The next group of typical soil fungi is the genus Trickoderma which was represented in 
nearly all soils except the marsh soils, where it was found only in the strongly acid soil 95. 
Only once was a white strain found; all others were green, abundantly sporulating forms, 
mostly corresponding to the species koningi and lignorumy but so variable and with so many 
transition forms that a sharp distinction was impossible. A few less common forms were 
found, which probably represent separate “species;” one of these agreed well with Waksman’s 
(48) strain HI. The numbers of Trickoderma colonies on the plates were in most cases very 
small; only in a few cases did they cover 10 to 12 per cent of the total number, in one case 
(soil 64) even 30 per cent. 

The genus PeniciUium (including Citromyces) was, as might be expected, abundantly rep- 
resented, and species of these were always the dominating forms in field soils, where they 
generally accounted for 50 to 60 per cent, sometimes 70 to 80 per cent, of the total number of 
colonies. In forest, heath, and moor soils, too, they were richly represented although often 
overshadowed by Mucoraceae and sterile mycelia. Marsh soils were poor in Penicillia; the 
only soil in which they were found at all was the alkaline marsh soil 92. About 40 strains 
were isolated, but could not be identified; one of them {PeniciUium sp. I) was found more fre- 
quently and in highernumbers than any other; it seemed closely related to PeniciUium com- 
mune, Also a Citromyces form {glaber?) was quite common. 

The genus AspergUlus showed some interesting phenomena. These fungi occurred only 
sporadically in ordinary uncultivated and field soils. Aspergillus ochraceus (?) was found in 


* On a later occasion a mycelium of this type, isolated from an English field soil, was found 
fructifying on Conn’s glycerine-asparaginate-agar and appeared to be CunninghameUa elegans 
Lendner (28).. The appearance of the mycelium from the Danish soils agreed very well with 
Lendner’s description, but fructification was never seen to take place. 
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meadow soil 86, Asp.fumigaius in heath soil 89, and Asp. globosus (?) in uncultivated mineral 
soil 99. All garden soils, on the other hand, harbored Asp.fumigatuSf and in the two greei^- 
house soils 53 and 54 this was the dominating form, occupying 35 and 70 per cent of the total 
numbers of colonies, respectively. The plates from the former soil had also a considerable 
number of colonies of A sp. niger. These findings are quite in agreement with the observations 
of Waksman (50) and Werkenthin (68), that Aspergilli are more common in soils from hot 
than from colder climates. Jensen (23) records only one species of Aspergillus from Alaska 
soil. Sopp (44) states that Aspergilli are rare in soils from Norway, and Traaen (47) re- 
cords the occurrence but once in 70 mycological analyses of soils from the same country. This 
is not surprising in view of the fact that the Aspergilli are a group of somewhat thermophilic 
organisms, thriving excellently at 35 to 40®C., where the Penicillia are hardly able to live. 
The constant occurrence of Aspergillus fumigatus in garden soils of ordinary temperature 
may be due to its having been introduced with compost dung, where organic matter is 
usually decaying under aerobic conditions at a high temperature. 

The next two groups of fungi seemed characteristic of cultivated soils. The first of these 
was the genus Fusariumy especially Fusarium orthoceras, which occurred in all field soils except 
40, in the garden soils 51, 52, 55, and in the cultivated moor soils 76 and 79. The only un- 
cultivated soils which harbored this species were the moor soils 80 and 83 and the mineral soils 
96, 97, and 98. It is interesting to note that Appel and Wollenweber (1) mention this species 
as being more common in the soil itself than are the other Fusaria. Besides this, about a 
dozen of less constantly occurring Fusaria were isolated, nearly all from field and garden soils. 
Most common of these was a rarely fructifying, clamydospore-forming species, possibly 
Fusarium falcatum. Further Fusarium culmorum and several strains probably belonging 
to the variable Fusarium 5(?/tfm-group were met with. 

llic second group was represented by an unidentified Phoma species, which occurred in all 
field soils except three very acid ones, viz., 40, 44, and 45. 

Besides these typical soil fungi a large number of species belonging to genera of less con- 
stant occurrence and difiicult to identify were found. Of these can be mentioned: Monilia 
sp., common in moor and forest soils; CepJtalosporium sp., common in soils of all types; 
Botrylis cinerea, occasionally found in field and forest soils; Amblyosporium sp., found in most 
forest soils; Acrocylindrium granvlosumy common in soils of all t3q>e5; Spicaria sp., fairly com- 
mon in soils of all types; Acroslalagmus cinnabarius, found twice in field soils; Mycogene nigra, 
fairly common, especially in field soils; Hormodendron dados porioides, fairly common in soils 
of very different character; Bepedonium sp., Slachybotrys sp., Hdminlhosporium sp.. Stem* 
phylium sp., and Alternaria sp., occasionally found in field and uncultivated mineral soils; 
Ramularia sp., fairly common in humus soils; and Stysanus sp., found once in field soil. 
Yeasts were met with occasionally, but they did not seem to be tjpical soil inhabitants (com- 
pare (46)]. Further several sterile mycelia and other not readily identifiable forms were 
isolated. 

Thus upon the whole, the fungus flora observed here appears to be of the 
same general composition as that found by most other research workers (58). 
Its leading forms are Mucoraceae, Penicilliae, Trichodermae, and Fusaria, 
together with a number of species belonging to more sporadically occurring 
genera, mostly of hyphomycetes. Also the numbers of fungi are of the same 
general order of magnitude as those found in America by Waksman (54) and 
Starkey C4S). 


The numbers of fungi 

The numbers of fungi vary, as table 1 shows, within]|wide limits from 24,300 
(in 93) to 460,000 (in 54) per gram of soil. If any relationships exist between 
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these variations and definite soil characters, we may be justified in assuming 
that the numbers of fungi found by the plate method have a direct bearing on 
the abundance of fungi in the soil, although the numbers themselves refer 
only to the soil suspension and therefore depend largely on the method of 
preparing this, as shown by Brierley and his coworkers (4). Of such soil 
characters the following are here considered: physical texture of the soil, the 
humus content, the soil reaction, and the content of plant food. 

The physical character exerts but little influence on the numbers of fungi, 
apart from the fact that all very heavy clay soils, viz., the five marsh soils 91 to 
59 and the field soil 45 show remarkably low numbers of fungi — 24,300 to 58,600 
to the gram. Light sand soils, on the other hand, often have high numbers, 
such as soils, 1 to 6 and 30 to 32, in which the fungus flora consists mainly of 
Penicillia, which were very scarce in the marsh soils. It is quite natural, 
indeed, that the sand soils with their loose, open structure and good aeration 
would prove a better medium for the growth and fructification of these com- 
paratively large, aerobic organisms than the heavy, sticky clays, of which the 
marsh soils further are more exposed to water-logging than any other group of 
soils. 

The humus content does not show any definite relations to the fungus counts. 
Soils mainly consisting of organic matter, such as the moor soils and forest 
soils of mold or peat type, have not, upon the whole, higher numbers of fungi 
than the mineral soils. Several tj^ical organic soils, such as the raw Sphagnum 
peats 74 and 75 and the forest soils 61 to 63, are even decidedly poor in fungi. 
Others, such as the forest soil 72 and the mud soil 84, have very high numbers. 

The soil reaction is universally known to exert a profound influence on the 
microflora of the soil, and this is also the case here. It has, until the work of 
Ramann et al. (41), been nearly a dogma in soil microbiology that ‘‘fungi 
prevail in acid, bacteria in neutral and alkaline soils.’' Plscher (14) and 
Traaen (47) called attention to an occasional abundant occurrence of fungi in 
neutral and alkaline soils, and recently Waksman (58) has emphasized their 
activity in such soils. 

The data in table 1, when all groups of soils are considered, show not the 
slightest correlation between the numbers of fungi and the corresponding pH 
values. Note, for example, the 10 most acid soils, nos, 65, 74, 67, 40, 44, 
87, 73, 75, 45, and 68; and the 10 most alkaline soils, nos. 46, 3, 100, 98, 99, 
34, 55, 56, 29, and 83. 

The table further shows that the numbers of bacteria and actinomyces 
increase with increasing pH values, as would be expected a priori. There is, 
however, no very strict correlation between the reaction and the bacterial 
numbers, evidently because these are affected by many other factors besides 
the reaction. A quantitative expression of this correlation can be obtained by 
computing the correlation coeflScient between the hydrogen-ion concentration 
and thenumbersof bacteria plus actinomyces according to theforraulaof Branais 
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n • a- X • a y 


d= f» =* 


1 - r* 


V»’ 


where r is the correlation coefficient, x and y the two covariates, in casu the 
hydrogen-ion concentration and the numbers of bacteria + actinomyces, 
dx and dy the individual digressions from the arithmetical mean, S the sign 
of summation, n the number of observations, ox and oy the standard deviations 


TABLE 2 


Comparison between pH values and ratios of fungi to bacteria + actinomyces in soils 

from table 1 


KUICBEB 

pH 

F B+A* 

NUMBKK 

pH 

F B+A 

NUlfBEB 

pH 

F.B-fA 

65 

3.34 

0.63 

81 

5 64 

0.037 

7 

7.03 


74 

3.62 

0.37 

74 

5 65 

0 023 

41 


In 

67 

3.65 

0.85 

35 

5.92 

0 018 

50 

7 15 

m 

44 

3 76 

0 45 

63 

6 06 

0.0082 

13 

7.15 


87 

3.85 

0 87 

42 

6.09 

0.0092 

10 

7.16 


73 

3.86 

0.55 

23 

6.12 

0.0026 

43 



45 

3.97 

0.36 

24 

6.14 

0 0093 

4 

7.22 

0 0069 

88 

4.10 

0.46 

20 

6.22 

0 0070 

48 

7.23 

0.013 

64 

4.12 

0 25 

61 

6.32 

0 0078 

14 

7 26 

0.0053 

84 

4.17 

0.25 

25 

6 35 

0 0099 

12 

7.32 

0.0043 

78 

4.24 

0.13 

26 

6 48 

0.012 

28 

7.36 

0.010 

82 

4.26 

0.14 

5 

6.59 

0 018 

54 

7.38 

0.0045 

66 

4.32 

0.13 

15 

6.70 

0 0034 

32 

7.40 

0.012 

90 1 

4.39 

0.10 

11 

6 78 

0.0098 

21 


0.010 

75 ! 

4.45 

0 099 

17 

6.79 

0 0052 

22 

7.52 

0 0043 

77 : 

4,58 

0 21 

91 

6.82 

0.0037 

97 

7.55 

0.0046 

38 

4.96 

0.056 

23 

6.85 

0.0055 

83 

7 61 

0 0031 

59 

4.97 

0.052 

16 i 

6.86 

0.0048 

29 


0.010 

30 

5.09 

0.059 

85 

6.90 

0.0029 

56 

7.75 

0.0075 

60 

5.12 

0 094 

9 

6 91 

0.0039 

55 

7.78 

0.0067 

95 

5 12 

0 0077 

6 

6.91 

0.0077 

99 

7 95 

0.0035 

76 

5.14 

0 015 

27 

6.92 

0.0093 

100 


0.0026 

80 

5 20 

0.030 

31 

6 93 

0.016 

46 

8.35 

0.0068 

70 

5.54 

0.027 

8 

6.98 

0.0045 




49 

5.56 

0 020 

47 

7 02 

0.045 





* F. fungi; B bacteria; A ■= actinomyces. 


^calculated according to the usual formula ox = of x and y , respectively, 

and tn the standard error of the final result. It must be noted that these 
calculations have been made, not on the basis of the pH values, but on the 
corresponding molar hydrogen concentrations, since we must assume that it 
is the absolute concentration of hydrogen ions and not the logarithmic function 
thereof — ^namely, the pH value — ^which is of importance to the microorganisms 
living in the soil. 
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This calculation gives us: 


-0.32 dr 0.12 

a negative correlation, which is significant, but not very marked. Although 
thus the actual numbers of fungi show no, and those of bacteria plus actino- 
myces only a comparatively small, correlation with the hydrogen concen- 
tration, the correlation of this with the ratio of fungi to bacteria plus actino- 
myces is very striking. Table 2 shows that this ratio is about 0.4 to 0.9 in 
the few soils of pH less than 4. When pH increases from 4 to 6 the ratio 
drops to 0.01 to 0.02, although with considerable variations. Above pH 6 
there is no longer any correlation between pH and F : B + A, which here varies 
between 0.018 and 0.0026, except in the case of soil 47. 

A better picture is obtained if we ^s before calculate the correlation coefficient 
between the hydrogen-ion concentration and the ratio F:B + A. This 
gives us: 

In the group from pH 6.06 to pH 8.35: r « — 0.033 db 0.22 
In the group from pH 5.56 to pH 8.35: r = -h 0.56 ± 0 097 
In the group from pH 5.09 to pH 8.35: r » 4- 0.67 rb 0.074 
In the group from pH 3.34 to pH 8.35: r « -f 0.82 =b 0.040 

There is thus above pH 6 no correlation whatever between hydrogen-ion 
concentration and F:B -f A, but at pH S.S the correlation becomes positive 
and significant, and still more so from pH 5 to pH 3.3. Finally, if we consider 
the whole material we obtain a correlation so perfect that it is only rarely found 
in biological phenomena. We may conclude from this, that whereas the actual 
numbers of fungi and bacteria plus actinomyces dej)end on many factors, the 
ratio between these two groups is governed mostly by the hydrogen-ion con- 
centration, except in soils of pH above 6.0, where the actual amounts of 
hydrogen ions seem to be too small to exert a distinct influence. 

It is interesting to compare these result with those obtained by Waksman 
(54), who determined the numbers of bacteria, actinomyces, and fungi in 
variously treated plots of widely different pH values, from a permanent 
fertilizing experiment. The figures of his table 13 (54) show a very definite 
inverse correlation between pH and ratio of fungi to bacteria plus actinomyces, 
and a calculation of the correlation between hydrogen-ion concentration 
and F:B + A gives: 

f « + 0.83 (db 0.071) 

i.e. practically the same value as the corresponding figure for the Danish soils. 

Waksman’s data further show an inverse relationship between pH values 
and the actual numbers of fungi to bacteria plus actinomyces, which was not 
observed in the present investigation. A calculation of the correlation between 
hydrogen-ion concentration 'and numbers of fungi in Waksman’s table gives: 


f « +0.65 (±0.13) 
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The bacteria plus actinomyces, as in our results, increase generally with 
increasing pH values, and a calculation of the correlation between these 
numbers and the hydrogen-ion concentration gives: 

r = - 0.60 (=b 0.17) 

These figures are both significant, although the standard error is without 
significance in cases with so few observations (16).^ 

We see thus that the correlations of actual numbers to hydrogen-ion concen- 
trations are good, but not so perfect as that of the ratio F:B -f A, which was 
also the case with our results. That the actual numbers in Waksman's 
results were better correlated with the hydrogen-ion concentration than was 
the case with the Danish soils, is probably because Waksman’s figures have 


TABLE 3 

Influence of lime on numbers of fungi ^ bacteria, and actinomyces in field experiments 


NUUnEK OP 
SOIL 

PkOVENANCE 

LINK PLK 1£A. 

pH 

PirNCI PEk 
CkAU OP SOIL 

BACTEklA + 
ACTINOMYCES 
PEB GBAU 

1 

Askov Experiment 

ions 

0 

4 83 

thousands 

123.2 

millions 

2 

Station 

0 

5 15 

135.4 


3 


32 

8 10 

127 0 


24 

Borris Experiment 

0 

6 14 

96 4 

10 3 

25 

Station 

2 

6 35 

104 8 

10 6 

26 


4 

6.48 

113.4 

9 9 

27 


8 

6 92 

104 4 

11.2 

28 


16 

7 36 

112.0 

11.00 

29 


32 

7.66 

109 6 

10.5 

30 

Tylstrup Experiment 

0 

5 09 

260,8 

4.45 

31 

Station 

8 

6 93 

207 4 

12.6 

32 


32 

7 40 

198 6 

17.0 


been obtained from differently treated plots of the same soil, whereas the 
present data represent many different soils of widely varying character, where a 
much greater number of uncontrolled factors have been influencing the numbers 
of microorganisms. If differently treated plots of the same soil are compared, 
we do sometimes find a decrease in numbers of fungi with an increase of pH. 
Table 3 shows the data for soils from liming experiments, from which countings 
have been carried out. 

In the Askov experiment, and also in the Borris experiment, wdiere the pH 
values are all above 6.0, there is no effect of liming on fungi. In the Tylstrup 
experiment there is a small but noticeable reduction of the fungi, and a very 
great stimulation of the bacteria and actinomyces due to liming. 

* According to Fisher (16) more than 100 trials would be necessary to obtain this correla- 
tion by random sampling from an uncorrelated population. 
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To test this point further, a series of liming experiments was carried out in 
the laboratory. Samples of soils of more or less acid reaction w^ere divided 
into two parts, to one of which enough CaCOs was added to make its reaction 

TABLE 4 

Influence of liming on numbers of fungi in acid soils in the laboratory 


SOIL AM) TSEATMENT 


Heath soil (dry peat) no. 87, 
no addition 


Same soil + 4 per cent 
CaCOs 


Low moor soil no. 82, no I 
addition I 


Same soil 4 per cent 
CaCOs 


Sand soil no. 30, no addition 


Same soil 4- 1 per cent 
CaCOa 


Light loam no. 35, no 
addition 


Same soil *f 1 per cent 
CaCOa 



pH 

FUNta PER 
GRAIf 

days 



thousand^ 

Start 

3 

85 

183 

0 

15 

4 

26 

494 

0 

45 

3 

67 

610 

0 

75 

3 

90 

910 

0 

Start 



183 

0 

15 

7 

.52 

420 

0 

45 

7 

47 

393 

0 

75 

7 

59 

595 

0 

Start 

4 

.26 

206 

0 

15 

4 

10 

202 

0 

45 

4 

18 

191 

5 

75 

4 

13 

223 

.0 

Start 



206 

0 

15 

8 

05 

262 

8 

45 

7 

50 

201 

5 

75 

7 

76 

298 

0 

Start 

5 

09 

2()0 

8 

15 

4 

71 

341 

0 

90 

4 

42 

547 

0 

Start 



2f)() 

8 

15 

; 7 

57 

365 

0 

90 

7 

50 

605 

0 

Start 

5 

92 

131. 

4 

15 

6. 

04 

148. 

0 

50 

5 

78 

126 

8 

Start 

5. 

92 

131 

4 

15 

7. 

72 

72 

0 

90 

7. 

62 

120 

0 


BACTERIA 
4- ACflNO- 
M\r£.S PER 
CRAICS 

ACTlNOlfYCES 

RATIO 

F.B-fA 

thilltons 

Per cent 


0 21 

None on 

0.87 

0 72 

casein 

0 68 

0 84 

agar 

0.73 

1.47 


0.62 

0 21 


0.87 

83 1 

22 0 

0 0051 

398 0 

21.1 

0 0010 

415.0 

29.6 

0.0014 

1.42 

4.6 

0 14 

1.08 

3.1 

0.19 

0.54 

7.1 

0 36 

1.16 


0.19 

1.42 

4 6 

0 14 

60 8 

2 6 

0 0043 

96 5 

2.5 

0 0021 

161 0 

10 9 

0 0019 

4 45 

40.8 

0.059 

5 14 

61 0 

0.066 

4 61 

57 6 

0 12 

4 45 

40 8 

0 059 

22 9 

35 0 

0 016 

43 7 

23.4 

0 014 

7 40 

32 0 

0 018 

10 6 

24.0 

0.014 

7.87 

36 2 

0.017 

7 40 

32 0 

0.018 

19 2 

15 5 

0 0037 

17.1 

20 4 

0.0055 


distinctly alkaline. Enough distilled water was added to saturate it to 70 
per cent of its water-holding capacity, and the samples were kept at 25°C. 
in glass dishes, covered with Petri dish tops, for up to 120 days, during which 
the moisture content was kept as constant as possible by the addition of dis- 
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tilled water, and at various intervals of time counts of fungi, bacteria, and 
actinomyces were made. 

The results (table 4) agree well with the previous ones. In the heath soils 
there is a relative depression of the numbers of fungi: there active multi- 
plication, probably because of the alteration of the structure and the better 
aeration of the soil, reaches a considerably smaller extent in the limed than 
in the unlimed soil. In the moor and the sand soil the fungi seem to be 
stimulated by the liming. In the loam soil, finally, there is first a decrease of 
fungi in limed soil, later followed by a corresponding increase. The bactcia 
and actinomyces are strongly affected. Although their numbers do not vary 
much in the untreated soils, they undergo in the limed soils a rajnd multiplica- 
tion, which in the heath soil — a mixture of coarse sand and j)eat, rich in 
undecomposed plant residues- --is enormous, from 0.2 to 415 millions to a gram 
of soil. In the (wo less acid mineral soils their multiplication, although vig- 
orous, is far less pronounced, probably because the amount of microbial food, 
which the liming renders available to the bacteria, is smaller in these soils, 
where a fairly abundant bacterial llora has been active before the liming. 

The last column of the table show's a ratio of F:B+A of quite the same order 
of magnitude as in soils of corresponding reaction taken directly from the field. 
The agreement with the natural conditions is indeed so good that when the 
coefficient of correlation between hydrogen-ion concentration and F:B-b-A in 
the 24 counts^ presented in table 4 is calulated, w'e obtain: 

f == 0 81 i (0 07) 

1'his shows that the abundance of fungi, in contact to that of bacteria and 
actinomyces, as determined by the plate method, is not much influenced by 
liming of the .soil. One gets the impression that the fungi as a whole do not 
prefer acid reaction, although it is a commonplace that they arc much more 
indej)endent of the reaction of the medium than are the bacteria and actino- 
myccs. Experiments were made to determine the ability of some common soil 
fungi, actinomyces, and bacteria to grow at different hydrogen-ion concen- 
trations. This is a field in which w'e possess definite knowdedge for only a 
comparatively small number of soil organisms, since most research in this 
direction has been devoted to technically and pathologically important micro- 
organisms rather than to ordinary soil saprophytes. 

A number of fungi were growm in the follow'ing medium: dextrose, 10 gm.; 
asparagine, 1 gm.; KH2PO4, 2 gm.; MgS04, 0.5 gm.; NaCl, 0.5 gm.; FcCb, 
0.1 gm.; H2O, 1,000 cc. Portions of this solution w’cre titrated by means of 
hydrochloric acid and sodium hydroxide to pH values ranging from 1.2 to 8.8. 
The solutions were then distributed in 10-cc. portions to Jena glass test tubes 
and sterilized, whereupon the reaction was measured again. Duplicate cultures 
were incubated at 25®C. until no further change in the amount of growth was 
observed. Table 5 gives the results. 

• The counts at the start are common for limed and unlimed soil. 
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The fungi show a considerable diflFerence in their tolerance toward acidity. 
The extremes are represented by PenicUlium sp. I and Trichoderma sp. V, which 
still grow at pH 1.4, and by Coccospora sp. (mentioned later) which fails to 
grow between pH 3.7 and 4.3. A distinct optimum at acid reaction is seen 
only in Mucor ramannianuSy Absidia cylindrosporay and Trichoderma sp. V. 
One of the Fusaria shows some indication of a double optimum, as observed 
by Hopkins (20) and Lundcgdrdh (29). It is further seen that all fungi except 
Mucor rama^inianus are able to start growth at pH 8.8, a degree of alkalinity 
exceptional in Danish soils; pH 3.1 all fungi except Coccospora and Phoma 
sp. are able to grow (it is noteworthy that the few field soils in which the 
markedly acid-sensitive Phoma was not found, were the strongly acid soils 


TAULE 5 

Growth of various soil fungi at different reactions 



GSOWTO AT pH: 


1 16 

1.42 

2 01 2.53 

3.83 3.10 3 71 4.27 5 52 

6.02j6 57 

7.19 7.86 8.8 

Mucor hiemolis 

0 

0 

0 2 

2 3 3 4 4 

4 

4 

4 4 4 

Mucor ramannianus 

0 

0 

0 1 

.. 2 . . 3 ... 

3 

3 

2 1 0 

Zygorhynchvs sp . . 

0 

0 

0 0 

...3 3 3 .. 

3 

3 

2 2-3 1-2 

Sterile Phycomyc 

0 

0 

0 0~1 

1-2 .. . 3 . . 

3 

3 

3 3 2 

Absidia cylindrospora 

0 

0 

1 5 

5 5 5 5 5 

4 

3 

3 3 3 

Trichoderma I 

0 

0 

0 0-1 

2 2 ... 

2 

3 

3 2 2 

Trichoderma V 

0 

1 

3 3 

3-4 4 5 5 4 

3 

3 

3 3 3 

PenicUlium sp, I ... 

0 

1 

2-3 2-3 

3 3 

3 

3 

3 3 3 

Citromyces sp 

0 

0 

2 3 

3 4 5 5 5 

5 

5 

5 5 5 

A spergillus fumigatus 

0 

0 

1 1 

4 4 5 5 5 

5 

5 

5 5 4 

Coccospora agricola 

0 

0 

0 0 

0 0 0 2 4 

4 

4 

4 4 4 

Mycogone nigra 

0 

0 

0 o| 

0 1-2 ... 3 ... 

3 

3 

3 3 2 

Fusarium orthoceras 

0 

0 

1 1-2 

1-2 2 ... 3 . 

4 

4 

3 3-4 3-4 

Fusarium (Jalcatum?) 

0 

0 

0 0-1 

1-2 2-3 2-3 5 3 

4 

5 1 

5 5 5 

Phoma sp 

0 

0 

0 0| 

0 0 12 3 

3 

3 

3 3 3 


The growth here and in the following tables is indicated by the characters: 0 * no growth, 
1 ■» trace, 2 «= scant, 3 «* fair, 4 » good, 5 excellent growth. 


40, 44, 45, of pH 3.7 to 3.9), and in this whole interval, within the limits of 
which the pH values of nearly all Danish soils lie, most fungi grow equally 
well. This is in good agreement with the results of Johnson (5)y who found 
Mucor glomerula able to develop in the interval from pH 3.2 to 3.4 to pH 
8.7 to 9.2, and 6 species of PenicUlium, Aspergillus, and Fusarium would 
grow within the limits of pH 1.6 to 2.2 to pH 9 to 11.2. Within these limits 
there was a very broad optimal zone which had its greater extent on the acid 
side of the point of neutrality. Similar figures are given by Hopkins (20), 
Meinnes (31) and Lundeg&rdh (29) for Fusaria (maximal acidity pH 2.4 to 
3), by Currie (10) for AspergUlus niger (pH 1.4 to 1.6), and by Meacham (34) 
for wood-destroying basidiomycetes (pH 1.7 to 2). Melin (35) found the 
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saprophytic soil fungi Rhizoctonia sUveslris and Mycelium radisis atrovircns 
able to grow equally well at pH 3.4 and 7. Some parasitic and symbiotic fungi 
behave differently; Melin (35) thus found mycorrhiza-forming species of 
Boletus growing best in pure cultures at pH 5, with a distinct decline on both 
sides. Weis and Nielsen (67) found that Polyporus radiciperda has a distinct 
optimum at pH 4 to 4.5 and produces only a very slight growth at pH 5.9 to 
6.1. We thus get the general impression that the great majority of ordinary 
saprophytic soil fungi arc quite tolerant toward the reaction of the medium, 


TABLE 0 

Grou'lh of 60il aciinomyces at dijferent reacliom 


OEGAMISM 



GROWTH AT pH: 



7.34 

^<)8 

.S 4{) 

.S.I 6 

4 88 

441 

Aciinomytwi gri^cia . . . . . 

4-5 

5 

5 

4 

0-3 

0 

Aclinowyccs griseojiavHs 

3-4 

4-5 

5 

5 

1-2 

0 

Actinomyces ccUiilosae . . 

4-5 

4-5 

4-5 

4-5 

1 

0 

Aciinomyces fuluissim in . i 

1 2 

2-3 

3-4 

5 

4 

3-4 

Actinomyces violace us- ruber 

3-4 

4-5 

3-4 

3-4 

3-4 

0-3 

Actinomyces diastatoc hromogenus 

i 

i 5 

2 

2 

! 0 

0 

. < cti nomyccs pheoc hromogenus 

2-3 1 

2 

2 

2 

1 1 

0 


I ABLE 7 

Growth of Itt ^oil bacteria in broth of varying reaction 


“ 1 

ORGANISM 

1 




GROWTH AT pH*. 




1 i 

3 58 

3,8S 

4 08 

4 36 

4 58 

4 78 

5 26 

6.06 

7 27 

iSac. mycoides. 

0 j 

0 j 

0 

0 

0 

0 

0 

2 

4 

4 

bac. megatherium 

0 

»> i 

0 

0 

0 

0 i 

1-2 

1-2 

2 

3 

HacillusWl 

0 

0 1 

0 

0 

0 

0-1 i 

1 

1 

1 

1 

Bacillus I\' . 

0 

0 i 

i 0 1 

0 

0 

9 

0 

1 

3 

2-3 

BdcL coeruleum (,•'). 

0 

0 i 

! 0 

0 

0 

1 » 

0 

2 

4 

4 

Non-.spore-fomiing rod I 

0 1 

1 ^ 

i 0 

0 

0 

I ^ 

0 

0 

2 

2 

\on-spore- forming rod II. . 

0 

0 

! ^ 

0 

3 1 

I 4 

4 

i 4 

4 

4 

Non -spore-forming nxl III . . 

0 

1 9 

0 

0 

5 i 

4 

4 

' 4 

4 

3 

Xon-sporc-forming rod IV | 


1 9 

i 0 

0 

0 

0 

0 


3 

4 

Mycobacterium sp. ... 1 

1 0 

0 

0 

0 

oj 



; 4 * 

. 1 

3-4 

2-3 


and their preference for acid reaction is not always clearly pronounced. It is 
therefore not surprising that no direct relationship can be traced between their 
abundance and the soil reaction. 

Quite reverse features are presented by the aciinomyces and bacteria. Seven 
strains of common soil actinomyces were grown in the following medium: 
soil extract (1 kgm. of soil + 1 liter of tap water heated for 30 minutes, in the 
autoclave) 1,(XK) cc.; soluble starch, 10 gm.; asparagin, 2 gm.; K2HPO4, 2 gm.; 
reaction varied by means of HCl to pH values between 4.4 and 7.4. The 
solution was used in 5-cc. jx>rlions in test lubes, ami duplicate cultures were 
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incubated for 14 days at 25°C. I'he results (table 6) confirm those of Waksman 
and Joffe (59) and Waksman (55), and of the author in another paper (24): 
most of the typical soil actinomyces are checked in their growth at pH 4.8 to 
5.1, although a few grow at pH 4.4 and still lower. 

A number of soil bacteria were isolated at random from various soils in table 
1, and tested for their resistance to acidity in the following medium: meat 
extract, 5 gm.;i3ep tone, 10 gm. ; glycerin, 10 gm. ; sodium citrate, 4 gm. ; K2HPO4, 
2 gm.; H2O, 1,0(X) cc. After being clarified, the medium was titrated to pH 
values ranging from 2.6 to 7.3. The results are presented in table 7 and show 
plainly that the growth of the majority of the bacteria is checked in the pH 
interval 4.8 to 5.7. Only two bacteria from acid soil (nos. 60 and 87) continue 
to grow at pH 4.36. These results are much the same as fouml by several 
other investigators for a number of soil bacteria, as shown in the following: 


Organism 

Azotobactef chroococcim 

Rhizobium radicola 

Rkizohium beijerinck 

Clostridium amylobacter 

Clostridium putrificum 

Bacillus subtilis 

Bacterium coli 

Bacterium stutzeri 

Pseudomonas Pyocyanea . . . . 

Spirochaete cytophaga 

Cellulose decomposing vibrios. 

7 strains 

Unidentified bacteria 1 strain. . 
from peat 1 strain. . . 

1 strain . . . 


Maximal acidity 
Pil 

5.6-6. 0 

4 3-5.0 
3. 2-3. 4 

5 7 
5 8 
4.2 
4.4 
6.1 
5.6 

5 2-5.7 
6.0-6 5 

5 0 

6 0 
4 0 
3.0 


Reference 

Various authors 
cited after 
Waksman (58) 

I Dubos (13) 

[ Itano (21) 


Wc must bear in mind that the pH limits found in artificial culture do not 
necessarily apply strictly to the natural conditions in the soil: firstlx', because 
an organism may show a larger range of tolerance to acidity in its natural 
habitat, and secondly, because local differences in reaction, perhaps also sym- 
biotic phenomena, may enable an organism to lead an active life in a soil, 
where the reaction is, per se^ prohibitive to the development of the organism 
in question. But still the results show an essential difference between the two 
groups of soil microorganisms — fungi vs. bacteria and actinomyces - which 
helps us to account for the interesting correlation between reaction and ratio of 
fungi to bacteria. Besides the well-known fact that bacteria (and actinomyces) 
are generally benefited by a neutral to alkaline reaction, we observe that the 
pH interval 5 to 6 appears critical, or at least unfavorable, to the great majority 
of soil bacteria and actinomyces. And this is just the region of the scale of 
reaction where the correlation betwen hydrogen-ion concentration and ratio 
of fungi to bacteria plus actinomyces becomes significant, as has been showm. 

The food supply would of course a priori be expected to exert a considerable 
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influence upon the abundance of fungi. A direct relation between the numbers 
of fungi in the soils and their fertility in agricultural respect cannot, however, 
be traced. The fertile loamy soils from Tystofte (nos. 15-17), Aarslev (nos. 
22-23), and Lolland (nos. 20-21) have, for instance, lower numbers than the 
poor sand soils from Askov (nos. 1-11) and Tylslrup (nos. 30-32), and the raw 
heath soils 37-38. It seems, upon the whole, impossible to compare soils of 
different character and origin, but if we compare differently treated plots of 
the same soil, we sec a certain influence of fertilization. By collecting the 
data from soils from fertilization experiments in table 1 we obtain the results 
given in table 8.® 


TABLE 8 

Influence of fertilization on numbers of microorganisms infield experiments 


SOIL NUMBER 

PROVENANCE 

TREATMENT 

FUNOI, PER 
CRAM OP SOIL 

BACTERIA + 
ACTINOMYCES 
PER GRAM 

4 

Askov Experiment ' 

Unmanured 

thousands 

92.4 

millions 

13.4 

5 

Station, Sand Field 

Mineral fertilizer 

218.0 

12.0 

6 


Farmyard manure 

j 166.6 

21.6 

7 


Unmanured 

41.4 

15.7 

B 


Mineral fertilizer 

79.0 

17.6 

9 


Farmyard manure 

87.2 

22.5 

12 

Askov Experiment 

Unmanured 

68.8 

16 1 

13 

Station, l.oam 

Mineral fertilizer 

100.4 

17.6 

14 

Field 

Farmyard manure 

109.4 

20.5 

18 

L 3 mgby Experiment 

Unmanured 

63.0 


19 

Station 

Farmyard manure 

80.8 


33 


Unmanured 

86.4 


34 


Farmyard manure 

154 6 

.... 

22 

Aarslev Experiment 

Unmanured 

78.0 

16.2 

23 

Station 

Farmyard manure 

132.0 

24.0 


There is here a significant increase in numbers of fungi (besides in bacteria 
and actinomyces) with the addition of fertilizer and especially farmyard 
manure, as previously found by Fischer (15) and Waksman (54), Besides 
this, there is another way which enables us to trace the connection between the 
abundance of fungi and the food supply of the soils, viz., the calculation of the 
correlation between numbers of fungi and bacteria plus actinomyces. We 
may assume that the soils with a higher supply of available microbial food will, 
other things equal show a higher number of bacteria than soils with a lower 
supply; and the numbers of bacteria determined by the plate method is a 

* Some of these data have been previously published in a paper by Christensen (7), to- 
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reliable index of the density of the bacterial population (16), although it does 
not give the absolute figures. 

If we select the 45 soils with pH values above 6 (where the reaction does not 
markedly influence the numbers of bacteria and actinomyces) from table 1 
and calculate the correlation coefficient between numbers of fungi and bacteria 
plus actinomyces, omitting the somewhat unusual garden soil 54 with its 
extraordinarily high numbers of both fungi and bacteria, we obtain: 

r « + 0.41 ± 0.13 

This value, which is not very high but which is significant, shows fairly clearly 
that the factors which favor the existence of high numbers of bacteria and 
actinomyces in the soil, have a general tendency also to favor the high numbers 
of fungi. Had soil 54 been included in the calculation, the correlation would 
have become still better. 

It is interesting to compare this result with some data given in a recent paper 
by Starkey (45), who determined the abundance of fungi, bacteria, and actino- 
myces at different time in planted and unplanted field and greenhouse soils. 
The field soil was a neutral loam, and counts were made at five periods in 
fallow soil and under eight different crops. These 45 counts give us the follow- 
ing correlation between numbers of fungi and bacteria plus actinomyces: 

f = + 0.43 ± 0.12 

practically the same as was found here. The greenhouse soil was a heavy clay 
of pH 5.5. Counts were made at six periods in fallow soil and under five differ- 
ent crops. These 36 counts give: 


r = + 0.32 ± 0.15 

a correlation which is just noticeable, since it would, according to Fisher 
(16), be obtained by chance once in about 20 trials. 

The Importance of P'ungi in Various Decomposition Processes 

The data obtained by the simple plate method have only a limited value 
and do not allow a comparison between the actual amounts of fungus mycelium 
in the soils; they should therefore, if possible, be combined with other experi- 
ments. The important thing is not merely what numbers of fungi can we 
obtain from the various soils, but also, to what exte^^'t are the fungi capable of 
multiplying, when some process of decomposition is going on in the soil? To 
obtain an answer of this question it would be of interest to see how different 
treatments affect the fungus and bacterial flora in different soils, such as has 
previously been done by Waksman and co-workers (60, 61, 64) in studies of 
partial sterilization of soils and decomposition of organic matter. It is this 
principle, which WinogradsTcy (69) has introduced methodically as dynamic 
microbiology. 
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The experiments were carried out in the same manner as the liming experi- 
ments mentioned above. The following substances were tested: Nitrogen- 
free compounds, dextrose and cellulose; nitrogenous materials, casein and 
alfalfa seed meal. 

DECOMPOSITION OF NITROGEN-FREE COMPOUNDS 
Dextrose decomposition experiments were carried out with the following soils: 

1 . Low moor soil from Tylstrup, pH 4.8 

2. Vorest sand soil from Lyngby, pH 5 . 1 

3. Loamy field soil from Lyngby pH 5.9 

4. Sand soil from Askov, pH 6.8 

5. Sand soil from Borris, pll 7 . 7 

Dextrose was added in a concentration of 0.5 per cent on a basis of air-dry 
soil, and enough distilled water to saturate 75 per cent of the water-holding 
cajjacity was added. Counts were carried out after 6 and 12 days at 25°C. 

TABLE 9 


The multi pluation of fungi ami bacteria in soils of different reactions with addition of dextrose 


SOIL 

ri7N{;i PER GRAM 

BACTERIA f AmNOMyCE.S 
PER GRAM 

Start 

6 days 

1 2 days 

Start 

6 days 

12 days 


thousands 

ihomandi 

thou^andi 

millions 

millions 

millions 

Low moor soil, pll 4.78 ... 

124 0 

4,560.0 

30,280 0 

0.55 

5.86 

7.60 

Sandy forest soil, pH 5.07 

60 0 

2,850 0 

8,340 0 

1.50 

34 4 1 

16 8 

Light loam, pH 5.92 

131 4 

157 0 

323 0 

7 40 


121.0 

Field soil, sand, pH 6.78 ... . 

145 6 

166.0 

. . . 

14 9 

206.5 


Field soil, sand, pH 7.06 

109 6 

290.0 

225 0 

10.5 

71.0 

92.0 


The results in table 9 are quite striking. The neutral to alkaline soils 4 
and 5 show a large increase in the numbers of bacteria (but not of actinomyces), 
and the fungi are but little affected. On the other hand, in the two distinctly 
acid soils 1 and 2, the fungi increase greatly, especially after 12 days (perhaps 
spore formation is taking place at this period) but the bacteria and actino- 
myces multiply only to a small extent. The fungi which multiplied most 
markedly were Mucor spinosus (?) and Penicillia in the moor soil, Mucor 
Ramannianus and Penicillia in the forest soil. These observations agree 
partly with those of Waksman and Starkey (60), w^ho also found that a dextrose 
addition stimulates the bacteria greatly in neutral but not in strongly acid soil. 
Contrary to the case here, they found no marked influence of dextrose on the 
abundance of fungi in acid soil, probably because a period of incubation of only 
two days was used. Table 9 further shows the noteworthy fact that this 
marked change in the multiplication of the fungi occurs in the pH inter\"al 
5.1 to 5.9 — the region where the influence of reaction on the ratio of fungi to 
bacteria and actinomyces becomes noticeable, and where most soil bacteria 
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and actinomyces begin to be unfavorably influenced by the reaction, as has 
been shown. 

Finally an experiment was run to determine whether the sugar was decom- 
posed more rapidly by fungi in a soil of acid reaction or by bacteria in a soil of 
alkaline reaction. An acid, sandj^ forest soil, fairly rich in organic matter, 
was divided into two portions, to which were added distilled water as before, 
and to one, 1 per cent CaCOs. They were then kept at 2S®C. for eight 
days, after which counts of microorganisms were made. One per cent of 
dextrose was then added, and determinations of the evolved CO 2 were carried 
out for six days ar 2S°C. by means of the method developed by Petersen (40). 
At the end of the experiment, counts of microorganisms were again made. The 
results are found in table 10. 

The dominating fungi were Penicillia and Zygorhynchns sp. in the uiilimed, 
and Monilia sp. in the limed, soil. Since all dextrose had disappeared after 


TABLE 10 

Decomposition of dextrose in acid soil with and without lime 



SOIL CaCOi 

SOIL + CaCOt 

Before experi- 
ment 

[Fungi per gram thousands 

1 Bacteria -f actinomyces per gram. . . .millions 

Actinomyces percent 

pH 

109.2 

2.2 

61.1 

4.48 

108-0 

34.5 

2.4 

7.40 


Total production of COj, mgm. per 100 gm. of fresh soil 

543.1 

735.0 

After experi- 
ment 

[Fungi per gram thousands 

Bacteria -f- actinomyces per gram. . , .millions 

.Actinomyces per cent 

pH 

21,000 0 
56.2 
45.6 
5.01 
None 

980.0 

1,268.0 

0.4 

7.27 

None 

Dextrose in soil 



six days and the pH values do not indicate any formation of organic acids, it 
seems that the sugar has been equally rapidly decomposed in both soils, and 
that the smaller production of carbon dioxide in the acid soil is due to the ex- 
tensive synthesis of fungus mycelium which has taken place in this soil. 

Decomposition of cellulose 

There is much evidence that the decomposition of cellulose and related 
compounds is one of the chief functions of the fungus flora of the soil. Van 
Iterson (22) and Koning (26) found a large number of fungi able to grow on 
filter paper, and nearly all later investigators have pointed out the striking 
ability of these organisms to utilize cellulose [Traaen (47), Daszewska (11), 
McBeth and Scales (30), Otto (39), Waksman and co-workers (48, 61, 63, 64), 
Rege (42) and others]. 

In the present experiments four soils of different character were used. 
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FUNGUS FLORA OF SOIL 
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They received 1 per cent cellulose as ground filter paper, and distilled water to 
70 per cent of the water-holding capacity, in some cases also a source of N. 
By choosing (NH4)2S04 for this, allowing it to nitrify until the soil had reached 
a pH value of 4.8-S.O, dividing the soil in two portions, and adding CaCOs 
to one of them,, samples of the same soil with different reactions were obtained. 
The multiplication of the fungi was then determined during a period of 90-120 
days at 2S®C. Table 11 gives the result. 

We see that the addition of cellulose alone to the soil causes a certain multi- 
plication of the fungi, but much more striking results are obtained when com- 
bined N is also added [compare Waksman and co-workers (61, 64) ]. In the 
acid soils, nos. 2, S, 8, and 11, the fungi multiply enormously and are here repre- 
sented almost exclusively by Penicillia and Trichodermae. In the neutral 
and alkaline soils, nos. 3, 6, 9, and 12, the fungi develop vigorously too, al- 
though the counts do not run nearly so high as in the acid soils [compare Waks- 
man and Heukelekian (61), and Dubos (12)]. But the most interesting thing 
is that quite a different fungus flora arises at neutral to alkaline reaction. It 
consists almost entirely of Mycogone nigra, Acrocylindrium granulosum, and 
a fungus closely resembling the Coccospora agricola described by Goddard 
(17). All these forms were present in only small numbers or (esp. Coccospora) 
were not noticeable in the original soil flora. It would now be of interest to 
see how the different fungi utilize cellulose in pure culture. A series of qualita- 
tive experiments were carried out by growling soil fungi on cellulose as a strip 
of pure Swedish filter paper in test tubes with the following solution: NH4NO3, 
2 gm.; KH2PO4, 1 gm.; MgS04, O.S gm.; H2O, 1,000 cc. Cultures were in- 
cubated for 30 days at 25®C. The results in table 12 show that the Mucoraceae 
cannot utilize cellulose. These results are in agreement witli those found 
previously by Hagem (19) and by Waksman and Heukelekian (63), and with 
the fact that they were not richly represented in the flora which develops in the 
soil with addition of cellulose, as also noted by Waksman and Stevens (65). 
The Hyphomycetes are quite different: here the inability to utilize cellulose is 
a rather rarely occurring exception (Monilia sp., Aspergillus repens, Sepedonium 
sp., sterile mycelium II), and it is especially noteworthy that the two fungi 
which were the most prominent in the counts from neutral and alkaline soils 
with cellulose, viz., Mycogone nigra and Coccospora agricola, are among the very 
strongest cellulose decomposers. The Mycogone nigra found here corresponds 
well to the description of this organism by Jensen (23) and also shows similarity 
to the genus Humicola, which Traaen (47) and Waksman (57) mention as an 
active cellulose decomposer. Van Iterson (22) and Otto (39) also have ex- 
amined species of Mycogone, which they both mention as the strongest cellulose 
decomposing organism studied by them. The prevalence of the Penicillium- 
Trichodennchgronp at acid, and of the Mycogone-Coccospora-group at neu- 
tral and alkaline, reactions agrees with what we found in table S — that the 
latter furlgi are rather sensitive to acidity and grow well at neutral to alkaline 
reaction, whereas those of the former group are very resistant to acidity and 
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may show a definite optimum at acid reaction. It also agrees perfectly with 
the results of Dubos fl3), who found Penicillium sp. and Trichoderma koningi 
able to grow on filter paper at pH values between 2.1 to 3.0 and 9.0 to 9.5, 
with an optimum at pH 3.5 to 5.0 for Penicillium and 3.06 to 5.5 for Tricho- 
derma, whereas Humicola sp. (—Mycogone nigra?) would grow from pH 3.0 
to 9.5 with an optimal zone from pH 3.5 to 8.5. 

To determine whether this difference is also apparent in the activity of the 
two groups of fungi in decomposing cellulose at acid and alkaline reactions, a 
quantitative cellulose decomposition exjxjriment was carried out. A light 


TABLE 12 


Growth of various soil fungi on filter paper cellulose 


OSGANISU 


Mucor hiemalis 

M. circinelloides 

M, Ramannianus 

M. spinosus 

Zygorhynchis sp 

A hsidia cylindrospora . 
Cunninghamella degans. 

Monilia sp 

Cephalosporium sp 

Trichoderma I 

Trichoderma II 

Trichoderma III 

Trichoderma IV 

Trichoderma V 

Aspergillus repens 

A. fumigatus 

Penicillium 1 

PencilUum II 

Pencillium IV 

PencilUum V 

Penicillium IX 

Penicillium XV 

Penicillium XVI 

Penicillium XVII 


CBOWTH 

OKOANISM 

GROWTH 

0-1 

Penicillium XXII 

4 

0-1 

Amhlyosporium sp 

4 

0 

Botrytis cinerea 

5 

0 

M onosporium sp 

4 




0-1 

Sepedonium sp 

0 

0-1 

Acrocvlindrium granulosum 

3 

0-1 

Coccospora ? 

5 

0 

Acrostalagmus cinnaharinus 

3 

2 

Citromyces glaher 

3 

4 

Spicaria sp 

4 

3 

Mycogone nigra 

5 

1 

Hormodendron cladospori aides , . . 

3 

3 

Stachvhotrys sp 

4 

5 

Stemphvlium sp 

4 

0 

Stysanus stemonites 

3 

3 

Fusarium solani 

3 

4 

F. orthoceras 

2 

3 

F. cidmorum 

3 

3 

Fusarium sp. X 

5 

3 

Ramularia sp 

3 

3 

Sterile mycelium I 

3 

3 

Sterile mycelium 11 

0 

3 

Sterile mycelium II 

1 

4 

Sterile mycelium IV 

5 


sandy field soil, poor in organic matter, from the Tylstrup Experiment Station 
was used. The soil received — on an air-dry basis—l per cent cellulose as 
ground filter paper, and 25 per cent of the following solution: NH4NO3, 5 gm.; 
KH2PO4, 5 gm.; iV-HCl, 8 cc.; H20, 1,()00 cc. This gave the soil a pH value 
of 4.5 foriginally 4.8). Portions of 120 gm. of moist soil w^ere placed in round 
300-cc, flasks stoppered with perforated rubber stoppers, in which the hole was 
filled with cotton wool. The flasks were then sterilized in the autoclave, and 
in half of them the soil was made alkaline after sterilization by the addition of 
sterile CaCOs. They were then inoculated with pure cultures of Penicillium 
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sp. I, Trichoderma sp. V, Mycogone nigra, and Coccospora agricola. For 
comparison a corresponding experiment was run with unsterilized soil. After 
30 days’ incubation at 25®C. determinations of residual cellulose by the 
method of Charpentier (6) showed the results reproduced in table 13 (average 
of two parallels). 

These results are in perfect agreement with the previous ones and with those 
of Dubos (13): Penicillium and Trichoderma show a stronger activity at acid 
reaction, though Trichoderma is but little influenced. Mycogone and es- 
pecially Coccospora are very distinctly favored by an alkaline reaction. It is 
further seen that the natural soil flora decomposes the cellulose more rapidly 


TABLE 13 

Decomposttion of cellulose by fungi in acid and alkaline soils 


OSGANISM 

FXA CENT OF ADDED CEILDLOSB 
DECOUPOSED IN 


Add soil 
(pH 4.5) 

Alkaline »!■ 
(pH7.«) 

TTninrtrulated 

0 

0 

PentcUlium sp. I 

62 

32 

Trichoderma sp. V 

80 

70 

Mycogone nigra 

40 

78 

Coccospora agricola 

23 

66 

Unsterilized soil 

85 

91 

1 



TABLE 14 


Fungij bacteria, and actinomyces in acid and alkaline soil plus cellulose 



FUNGI FEE 
GEAM 

BACTEEIA + 
ACriNOMYCES 
PEE GEAM 

ACTJNOMYCES 

Soil before experiment 

thousands 

41.0 

miliiom 

0.97 

per cent 

10.9 

Soil after experiment: 

Without CaCOf 

1,360.0 

178.0 

8 6 

2.3 

1.6 

With CaCOs 

71.4 



than any of the pure cultures, although Trichoderma in acid soil and Mycogone 
in alkaline soil are not much behind. It also appears, in agreement with the 
results of Charpentier (6), Barthel and Bengtsson (2), and Waksman and 
Heukelekian (61), that cellulose decomposition is approximately equally rapid 
with and without addition of lime to acid soil. 

Counts of microdrganisms were carried out in the unsterilized soils before and 
after the exjjeriment, with the results shown in table 14. 

In the acid soil the dominating fungi after the experiment were Penicillium 
sp. XVII (purpurogenum?) and Mucor ramannianus; in the alkaline soil, 
Mycogone nigra and Mucor ramannianus. The results thus agree with the 
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previous ones, except for the abundant development of Mticor ramannianus. 
It is further seen, in agreement with Waksman and Starkey (60), and Waksman 
and Skinner (64), that the bacteria and actinomyces are not much affected 
by the addition of cellulose; the strong multiplication of these organisms in the 
alkaline soil may simply be due to the action of the lime (compare table 4). 

The fungi are thus active in the decomposition of cellulose both at acid and 
alkaline reactions. Under natural conditions they are probably less im- 
portant in neutral and alkaline soils, since there they must share the energy 
material with cellulose decomposing bacteria, which are strongly active under 
these conditions (12), and the cellulose is not decomposed much more rapidly 
in this case than at an acid reaction, where the cellulose is at the disposal of 
the fungi alone. But one thing must be kept in mind: the differences in 
numbers of fungi in acid and alkaline soils in the experiments mentioned do not 
indicate corresponding differences in activity, since the abundantly sporulat- 
ing Penicillia and Trichodermae must necessarily show figures of quite another 
order of magnitude than Mycogone and Cocevspora, which produce only com- 
paratively few chlamydospore-like conidia. 

DECOMPOSITION OF NITROGENOUS MATERIALS 

Miintz and Coudon (38), and Marchal (33) observed that soil fungi have a 
marked capacity of decomposing nitrogenous organic materials with production 
of ammonia, and Butkewitch (5) first called attention to their marked pro- 
teolytic activity. Since then a considerable amount of work (8, 27, and 48) 
has been devoted to the study of the ‘‘ammonifying power^’ of soil fungi. 
Waksman (51, 62) pointed out that the accumulation of ammonia is not an 
index of proteolytic activity and therefore not a fair basis for the comparison 
of microorganisms of different proteolytic powers. Organisms which produce 
little ammonia may produce much amino nitrogen, and ammonia accumulation 
is rather an index of the utilization of nitrogenous compounds as energy 
material and tlicrefore entirely dependent on both the nature of the micro- 
organisms and the carbon-nitrogen ratio of the decomposed material. 

Since the correctness of these arguments was recognized, no “ammonification 
experiments’^ were carried out, but an attempt was made to determine the 
importance of fungi in protein decomposition by adding nitrogenous materials 
to soils of various character, isolating the fungi which were specially stimulated, 
and testing their proteolytic activity. 

DeemposUion of casein 

The first set of experiments was carried out with casein as an example of a 
pure protein. Four soils were used; they received 1 percent casein, and water 
to 75 percent of water-holding capacity, in some cases also 2 j^er cent cellulose. 
Counts of microorganisms were made over a period of 45 days. Table 15 shows 
the results. 

The fungi multiply enormously in the two strongly acid soils, and in no. 2 
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there is an equally rapid decrease after 30-45 dajre, so that at this j)eriod the 
fungi disappear almost entirely. Still higher and more consistent figures are 
obtained when cellulose is also added. The composition of the flora is in- 
teresting: it consists in no. 1 almost entirely of Mucor hiemalis, Mucor raman- 
nianus, and sterile Phycomycetous mycelium (Cunninghamella elegansf)‘, 
when cellulose too is added, Mycogone nigra appears in large numbers. In no. 
2 the flora both with sind without cellulose consists of Mucor ramannianus and 

TABLE IS 


Multiplicalion of fungif bacteria^ and actinoniyces in soils during decomposition of casein 


SOIL AND TREATMENT 


START 

AFTER 

10 DAYS 

AFTF.R 

20 DAYS 

AFTER 

30 DAYS 

AFTER 

45 DAYS 

1, Sandy forest soil, pH I 

Fungi 

236.5 

2,360.0 

7,040.0 

7,325 0 


4.95, + 1 per cent \ 

B + A 

4.77 

533.2 

538.8 



casein | 

A. per cent 

13.3 

2.4 


13.7 


la. Same + 2 per cent 1 
cellulose 1 

2. Heavy clay, no. 38, f 

Fungi 

B + A 

A. percent 

Fungi 

236.5 

4.77 

13.3 

86 0 



10,850.0 

322.0 

14.4 

37.0 


pH 4.96, + 1 per 1 

B + A 

1.86 

81.5 

86.1 

765.0 

76.7 

cent casein { 

A. per cent 

22.2 


4 6 

3.2 

4.8 

2a. Same + 2 per cent 1 
cellulose | 

Fungi 

B + A 






A. per cent 

22.2 

35.5 

45.2 

57.1 


3. Light loam, no. 35, f 

Fungi 

131.4 


■ 3 ^ 



pH 5.92, + 1 per j 

B -f A 

7.4 

246.6 



45.1 

cent casein [ 

A. per cent 


1.9 


2.5 

5.7 

4. Loamy garden soil, 1 

Fungi 


(0) 

4.8 



pH 8.03, + 1 per j 

B + A 

42.6 

626.4 

1,702.5 

178.3 


cent casein [ 

A per cent 

19,3 

6.7 

0.4 

3.6 


4a. Same + 2 per cent 1 
cellulose 1 

Fungi 

B + A 

m 

118.0 

1,798.0 

640.0 

448.0 

870.0 

78.0 

1,018.0 

105.7 

A. per cent 

19.3 

2.9 

5.4 

4.3 

7.8 


Penkilliutn spp. In the faintly acid soil no. 3 the multiplication of the fungi 
is less abundant, and the flora is mostly represented by Mucor racemosusmd 
Fusarium orlhoceras. In the alkaline soil no. 4 the fungi are nearly extermi- 
nated by the addition of casein alone; when cellulose too is added, there is a 
considerable multiplication of fungi, especially the strong cellulose decomposer 
Coccospora agricola, which is so markedly favored by alkaline reaction. The 
bacteria and actinomyces multiply enormously in the acid soil, but not so much 
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in the alkaline soils; this is probably because the ammonia production soon 
gives the acid soils a reaction favorable to the bacteria and actinomyces, but 
renders the alkaline soil too alkaline. Although thus the fungi are known to 
be most active in decomposing proteins in acid soils, they may be more or less 
active under alkaline conditions, especially when cellulosic material is also 
present, such as will mostly be the case under natural conditions. TheMuco- 
raceae and renicillia, and in some instances Fusaria, seem to be the most 
active fungi; Trichoderma koningi, which has been shown by several investi- 


TARLE 16 

Multiplicaiion of fungi, actinomyces, and bacteria in soils during decomposition of alfalfa 

seed meal 


SOIL + 1 ras CLwr 


STABT 

AFTEB 

AFTEB 

AFTEB 

AFTEB 

AFTEF 

ALFALFA SLEU MEAL 


10 DAYS 

20 DAYS 

30 DAYS 

45 DAYS 

60 DAYS 

1. Sandy forest [ 

Fungi* 

247 

199,200 

72,600 

59,400 

48,300 

56,800 

soil, pH \ 

B + At 

2.5 

12.4 

16 0 

8.4 

4.1 

3.5 

4.54 [ 

A. per cent 

18.5 




23.9 

29.2 

2. Heavy clay f 

Fungi 

86 

32,800 

109,200 

50,300 

77,000 

108,000 

soil, no. 38, 1 
pH 4.96 [ 

B 4- A 

1.9 

45.0 


62.0 

26.8 

17.4 

A. per cent 

22.2 

23.7 


9.1 

26.1 

22.8 

3. Light loam, ( 
pH 5.92 / 

Fungi 

131 

6,430 

5,140 

5,300 

4,430 

5,860 

4. Heavy clay 





1 



soil, no. 38, 

4- 1.0 per 
centCaCOs, ( 
pH after 10 
days 7 48 

Fungi 

B 4- A 

A, per cent 

86 

1,9 

22.2 

2,115 

230.0 

39.1 

1,218 

280,7 

25.2 

1 

1,474 

223.4 

36.1 

2,844 

217.6 

47.7 

1 

944 
162.0 
39 0 

5. Loamy gar- ( 

Fungi 

192 

2,135 

1,280 

1,020 

646 

350 

den soil, ^ 

B 4* A 

27.8 

2,232.0 

2,692.0 

612.0 

301.4 

124.0 

pH 7.48 1 

A. per cent 

24.4 

26.3 

29.3 

21.1 

33.6 

44.0 


• Fungi: 1 ,000 per gin. of soil. 

I Bacteria -f actinomyces: Millions per gm. of soil. 


gators to produce very large amounts of ammonia from proteins in pure cul- 
tures, does not apjxiar to have been of any importance here, although it was 
present in the original fungus flora of all four soils. 

Decomposition of alfalfa seed meal 

These experiments were carried out with the same soils and in the same 
manner as the previous set. The alfalfa seed meal contained 4.72 per cent 
nitrogen in air-dry matter and was added in a quantity of 1 per cent of air-dry 
soil. The results in table 16 are even more striking than those of the previous 
experiment. 
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In the strongly acid soils the multiplication of the fungi is so enormous 
that the mycelia for the first few weeks bind the soil together in one compact 
mass. The dominating species here are Mucor ramannianus and PenicUlium 
sp. I and in no. 2, also Mucor hiemdis. The bacteria and actinomyces are 
only slightly affected. In the two alkaline soils, on the other hand, the develop- 
ment of the bacteria and actinomyces is enormous, and that of the fungi rela- 
tively scanty. Under these circumstances also they take an active part in the 
transformation of organic matter, as shown by their rising and then falling 
numbers and the still macroscopically visible development of mycelium. 
The fungus flora is here of another character than in the acid soils. It con- 
sists mainly of Mucor hiemdis, Mucor racemosus, and sterile Phycomycetous 
mycelium and, in the originally acid soil no. 4, also of PenicUlium sp. and 
Fusarium ortkoceras. The faintly acid soil represents an intermediate stage 
as to the multiplication of the fungi. Its flora consists of Mucor racemosus^ 
Mocor hiemdiSj PenicUlium spp., and Fusarium orthoceras. The general 
aspect of the fungus flora is thus about the same as in the experiments with 
casein. 


Proteolytic power of fungi in pure culture 

To determine the comparative proteolytic powers of the various soil fimgi, 
two sets of experiments were carried out. 

Proteolytic activity in gelatin. In the first series of these experiments, fungi 
were grown as ordinary test tube cultures on slopes of IS per cent “gold label’* 
gelatin in distilled water, with and without 1 per cent dextrose. After 20 
days’ incubation at 25°C. the gelatin was melted, if not completely liquefied, 
and determinations were made, in 2-cc. portions, of ammonia-N by distillation 
with MgO, and of formol-titrating N by the method of S0rensen. The results 
are given in table 17. 

In most cases the presence of dextrose decreases the extent of proteolysis, 
because the dextrose by acting as energy material saves the protein from attack 
(51). But it does not hold for the proteolytically strongest organisms, Citro- 
myces glaber, Fusarium ortkoceras ^ and two organisms included for comparison, 
viz., Actinomyces griseus and BacUlus mycoides. Their activity is in some 
cases actually increased by the presence of the sugar. Among the fungi only, 
Fusarium ortkoceras is about equal to Bac. mycoides in proteolytic respect, and 
none of these reach Actinomyces griseus. 

A somewhat different result was obtained in the second series of experiments. 
The following medium was used: gelatin, 20 gm.; dextrose (if added), 20 gm.; 
K2HPO4, 2 gm.; MgS 04 , 0,5 gm.; NaCl, 0.5 gm.; FeCh, 0.1 gm.; H 20 , 1,000 cc.; 
pH 6.4. The solution was used in 100-cc. portions in 350-cc. Erlenmeyer 
flasks. After incubation for 20 days at 25®C. the cultures were filtered, the 
mycelia dried and weighed, the filtrates restored to 1(K) cc., and determinations 
of ammonia-N and formol-titratihg N carried out. 

The results in table 18 show some interesting phenomena. In gelatine 
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solution without dextrose, CUromyces glaber is a fairly strong protein de- 
composer, and Actinomyces griseus a very strong one, whereas the four other 
fungi and Bacillus mycoides show very moderate activities. The growth of the 
fungi was in all cases poor and was limited to a loose, submerged mycelium 
without fructification. Act. griseus grew excellently, producing a heavy, firm, 
wrinkled pellicle, covered with a thick, dusty layer of conidia and emitting the 
strong characteristic soil odor. In the dextrose-cultures the activity of Bac. 
mycoides is strongly inhibited, probably because of acid-poisoning, since this 
organism forms acid from dextrose and had altered the reaction of the medium 


TABLE 17 

Proteolytic activity of fungi in 15 per cent gelatin with and without dextrose 


OKGANISlf 

GELATIN WITHODT DEXTROSE 

GELATIN + DEXTROSE 

LiquefactioD 

1 

12 

P 

Formol-titrating 
mgm. per 
10 cc. 

a 

•8 

1 

NHi — N, mgm. 
per 10 cc. 

1 g»2 

1 ‘'S.S 

‘ --fi 

Mucor hiemalis 

Complete 

j 14.2 

16.1 

About J 

9.8 

10.6 

Mucor ramannianus 

Very faint 

4 2 

2.7 

None 

1.7 

1.4 

Zygorhynchus sp 

About i 

15 4 

15.4 

About i 


7.1 

Cephalosporium sp 

About i 

8.4 

14.7 

About 2 

5.6 

6.3 

Trichodertna koningi 

Faint 

7.0 

9.8 

Faint 


7.0 

A s pergfllus f umigatus 

Faint 

9.1 

11.2 

Very faint 

4.9 

4.2 

PenicUlium sp. 1 

Faint 

10.5 

9.1 

Faint 

6.0 

5.6 

CUromyces sp, 1 

Complete 

9.8 

26.0 

Nearly 

14.0 

25.9 





complete 



Acrocylindrium sp 

About i 

9.5 

14.7 

About i 

8.4 

15.4 

Coccospora agricola (?) 

Complete 

14.2 

16.8 

Complete 

16.8 

18 9 

Mycogone nigra 

Faint 

11.9 

9.8 

About i 

5.3 

2.1 

Fusarium orthoceras 

About i 

21.7 

27.3 

Complete 

33.6 

48.3 

Fusarium sp. II. 

About i 

14.0 

12.6 

About i 

16.5 

11.9 

Actinomyces griseus 

Complete 

23.8 

51.8 

Complete 

45.5 

54.6 

Act, diastatechromogenus 

About i 

11.2 

37.1 

About J 

4.5 

24.2 

Bacillus mycoides 

Complete 

16.5 

37.1 

Complete 

23.1 

35.7 

Control (sterile) 


0.0 

3.5 


0,0 

3.5 









to pH 5.1. Act. griseus is hardly affected, but the fungi (except Mucor raman- 
nianiiSy for which the reaction is probably the limiting factor) are greatly 
stimulated in their proteolytic activity, so much indeed, that three of them 
exceed Act. griseus in ammonia-formation and one in formation of formol-N. 
The explanation is probably that dextrose is so infinitely superior to gelatine 
as energy material for the fungi that their growth (except Mucor ramannianus) 
is greatly stimulated and appears as heavy, folded, abundantly sporulating 
mats, containing much more protoplasm than in the solution without gelatin, 
and this again gives rise to a production of much larger amounts of proteolytic 
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and de-amidizing enzymes. That the proteolytic activity of fungi is inhibited 
by the presence of non-nitrogenous energy material may thus be true only 
relatively, that is, when we compare equal amounts of synthesized mycelium, 
such as shown in columns 4 and 8 of table 18, where the amounts of formol- 
titrating N are taken as indexes of the proteolytic activity. 


TAULE 18 

Proteolytic activities of fungi in 2.0 per ceni gelation solution with and without dextrose 


ORGANISE 

SOLUTION WITHOUT DEXTROSE 

.SOLUTION + DEXTROSE 

NH4-N, 

mgm 

per 

100 cc. 


Weight of 
dry myce 
lium, gm. 

Formol- 

titrating 

N, 

mgm. 
pergm 
of my- 
celium 

NHi-N. 

mgra. 

per 
100 cc. 

1 

Weight of 
diy 

mycelium, 

gm. 

j 

Formol- 

titrating 

N, 

mgm. 
per gm. 
of my- 
celium 

Mitcor ramannianus 

15.3 

21.0 

(trace) 


3.5 

13.6 

(trace) 

.... 

Mucorracemosus 

13.3 

48 3 

0.18 

218 

101.2 

100.1 

0.85 

106 

Penicillium sp. I 

17.9 

38.5 

0.20 

147 

45.5 

58.1 

0.90 

54 

Citromyces gJaber 

67 9 

101.1 

0.18 

505 

148.4 

144 9 

0.65 

207 

Fiisarium orthoceras ... 

17 5 

40.6 

0.19 

166 

90 0 

107.8 

0 95 

102 

Actinomyces griseus 

72.1 

135.1 

0.20 

630 

71.7 

130 9 



Bacillus mycoides 

23.5 

56 7 



5.8 

23.8 



Sterile solution 

0.0 

9.1 



0 0 

9.1 




TABLE 19 

Proteolytic activity of fungi in acid and neutral peptone solution 


ORGANISM 

ACID SOLUTION 

NEUTRAL SOLUTION 

NH,-N, 
mgm. per 
50 cc. 

Formol- 
titrating 
N, mgm. 
per 50 cc 

pH 

NHs-N, 
mgm. per 
50 cc. 

Formol- 
litrating 
N, mgm. 
per 50 cc. 

pH 

Mucor kiemalis 

21.8 

23.0 


14 4 

22.3 


Mitcor ramannianus 

13.7 

30 4 

7.4- 

6 1 

18 5 

7.26 

Tfichoderma koningi 

16 0 

22.7 

7.7: 

10 1 

15.7 

8.30 

Aspergillus niger 

41.1 

40.3 

6.3( 

41 2 

40.3 

4.86 

PenicilUum^p.l 

20.6 

24.2 

7.9: 

16.8 

30.8 

8.03 

Citromyces sp. I 

49.1 

49.9 


49.1 

50.7 


Mvcogone nigra 

18.3 

20.9 

8.3: 


17.4 


Fusarium orthoceras 

19.6 

20.2 

8.8 

16.8 

20.2 

9.0 

Actinomyces griseus 

No growth 

lA 5 

34 5 

9.0 

Bacillus mycoides 

16.4 

9.0 

6.8* 

18.5 

28.6 

8.14 

Control (sterile) 

1.1 

6.2 

5.0,' 

1.1 

6.5 

1 7.0 


Proteolytic activity in peptone. These experiments were carried out in 
solutions of acid and neutral reaction. The following medium was used: 
Peptone, 20.0 gm . ; K2HPO4 or KH^P 04 , 2.0 gm. ; MgS 04 , 0.5 gm; NaCl, 0.5 gm; 
H2O, 1000 cc. The reaction after sterilization was pH 4.9 with KH2PO4, 
pH 7.05 with K2HPO4. The solutions were used in portions of 20 cc. in 50-cc. 
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Erlenmeyer flasks. Cultures were incubated for 20 days at 2S®C. and analysed 
as above. The results are found in table 19. 

It is seen that the two strongest protein decomposers, Citromyces glaher and 
Aspergillus niger^ are fairly indifferent toward changes in the reaction, whereas 
acid reaction is favorable to the rest of the fungi, especially Mucor ramannianus. 
Butkewitch (5) found that the proteolysis by fungi in acid solution is carried 
largely to tlie ammonia-stage. In the present experiment there is an indica- 
tion of this only in the case of PenicUlium sp. I. As might be expected, BacU 
mycoidcs and Act. griaseus show only slight or no activity in acid solution, 
and even in neutral solution their activity is not greater than that of several 
fungi. 

These experiments indicate that the extent of proteolysis by fungi is very 
variable and depends, among other things, on the nature of the protein, the 
presence of carbonaceous food, and the reaction of the medium, but is often 
comparable to or may exceed that of Bac. mycoidcs and Act. griseus— two soil 
organisms known to possess particularly strong proteolytic properties. 

It might now be asked whether any relation exists between the proteolytic 
powers of the fungi in pure culture and their activity in protein decomposition 
in the soil, as indicated by their multiplication. It will be noted that two of the 
strongest j)rotein decomposers —A niger and Citr. glaher — appear to play 
no r61e, since the former does not occur in normal soils, and the latter, although 
of common occurrence, is not prevalent in the flora developing during the 
decomix)sition of casein or alfalfa seed meal in the soil. This is the case with 
Mucor hiemalis, Mucor racemosus, PenicUlium sp. I, and Fusarium orthoceras, 
of which e.specially the last has shown strong proteolytic profKjrties. A special 
position is occupied by Mucor ramannianus, which multiplies vigorously in 
acid soil during decomposition of protein and is capable of exerting strong 
proteolytic activities in acid media, but is greatly inhibited by neutral or 
alkaline reaction. 


GENERAL CONCLUSIONS 

The experiments with addition of organic matter to the soil show better than 
the counts from soils in their natural state the influence of soil reaction on the 
microflora. Whereas the plate counts show that the ratio of fungi to bacteria 
plus actinomyces is governed principally by the hydrogen-ion concentration, 
which exerts its most pronounced influence in the pH interval from 5 to 6, the 
decomposition experiments show that the presence of decomposable organic 
material tends to stimulate the activities of fungi under acid and, to a lesser 
extent, alkaline conditions. Here again, the change in the preponderance of 
fungi over bacteria plus actinomyces, and vice versa, is marked in the pH 
interval from 5 to 6, as is shown by the experiments with dextrose, casein, and 
alfalfa seed meal. This change is hardly due to any specific sensitiveness of 
most soil fungi to alkalinity, but rather to the sensitiveness of most soil bac- 
teria and actinomyces to acidity. It is probably from this stimulating effect 
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of organic matter on both the main groups of soil microorganisms, that the 
positive correlation between numbers of fungi and bacteria plus actinomyces 
results. This effect depends not only on the hydrogen-ion concentration, but 
also on the quality of the organic compounds, of which dextrose and casein 
stimulated only the bacteria in the alkaline soil, whereas the cellulose stimu- 
lated the fimgi markedly and had but a slight and probably only secondary 
effect on the bacteria and actinomyces developing in plate counts. The fact 
that there is a definite correlation between the numbers of fungi and the 
numbers of bacteria plus actinomyces in soils where the influence of the reaction 
is no longer noticeable, suggests that the number of fungi in the soil obtained 
by the plate method is not merely a chance figure dependent on the accidental 
number of fungus spores, but has a real bearing on the abundance of fungi in 
the soil, although, as has been pointed out, the figure refers to the soil suspen- 
sion and not to the soil itself. Also we must remember that in several of the 
decomposition experiments, such as those with cellulose and alfalfa seed meal 
in acid soil, there was in the later stages of the process an abundant, macro- 
scopically visible fructification of the fungi. This is reflected in the con- 
stantly high counts of fungi in such cases (in opposition to those where the 
fungus counts, after having reached a maximum, soon decrease again, for 
instance with casein in acid soil and alfalfa seed meal in alkaline soil). In such 
cases the fungus counts become counts of spores and loose all significance as 
indexes of activity of the fungi, although of course the rise in numbers indicates 
that an active growth has taken place. In future work of this nature it would 
probably prove of great value to combine decomposition experiments with the 
method of McLennan (32) for distinguishing between fungus spores and my- 
celium in the soil. 


SUMMARY 

A study has been made of the fungus flora of 100 Danish soils of different 
types and of reactions varying from pH 3.34 to 8.35. 

Microscopical examination showed the largest amounts of mycelium in acid 
soils rich in organic matter. 

‘^Direct isolation” yielded mainly Trichodermae from forest, moor, and 
heath soils, and mainly Mucoraceae from field, garden, and salt marsh soils. 

Plate counts showed numbers of fungi ranging from 24,300 to 46, OCX) to a 
gram of soil. Most common were the genera Mucar, Zygorhynckus, Absidia, 
a sterile form resembling Cunninghamella elegans, PenicUlium, Trichodermae 
and Fusarium. Besides these a number of genera of less constant occurrence 
were found. The Aspergilli were found only sporadically in ordinary soils but 
very abundantly in hot greenhouse soils. The genera Fusarium and Phoma 
were characteristic of cultivated soils. 

The numbers of fungi showed no dear relationship to the type of soil, except 
that very heavy clay soils were ix)or in fungi; and no relation to the soil reaction 
was found. The numbers of bacteria plus actinomyces increased, generally. 
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with increasing pH values up to pH above 6, but the correlation between these 
numbers and the hydrogen-ion concentration was not very close, the correlation 
coefficient amounting to only —0.32. The ratio of fungi to bacteria plus actino- 
myces varied from 0.87 to 0.0026 and showed a very close correlation to the 
hydrogen-ion concentration, viz., a correlation coefficient of 0.82 for the whole 
set of data. From pH 6 and upwards this correlation did not exist, but it 
became manifest in the pH interval 5-6. A corresponding coefficient of very 
nearly the same numerical value could be calculated from the data of Waksman. 

Addition of lime to acid soils did not markedly depress the numbers of fungi, 
but stimulated the bacteria and actinomyces greatly. 

The resistance of fungi to acidity varies considerably, some species growing 
at pH 1.5, others being checked at pH 3.7-4.2. Only a few of them show a 
distinct optimum at acid reaction. The pH interval of S.0-6.0 is critical for 
the majority of the ordinary soil bacteria, and most soil actinomyces are 
checked in their growth at pH 4.4r 5. 

Fertilization, especially with farmyard manure, increases the number of 
fungi in the soil, as well as those of bacteria and actinomyces. In soils of pH 
above 6 there is a significant positive correlation between the numbers of fungi 
and of bacteria plus actinomyces. 

These results indicate that the actual abundance of fungi depends on many 
factors, among others the food supply, but the ratio of fungi to bacteria plus 
actinomyces seems dependent on little except the hydrogen-ion concentration. 

Addition of dextrose to soil stimulated the fungi greatly in acid soil, but little 
or not at all in neutral or alkaline soil. The bacteria were affected reversely. 
Also here tlie difference apjieared in the pH interval 5.1 to 5.9. The sugar 
appeared to be equally rajiidly decomposed in acid and alkaline soil. 

Most fungi except the Mucoraceae were capable of decomposing cellulose. 
Addition of cellulose gave rise to an abundant development of fungi in both 
acid and alkaline soil. Penicillia and Trichodermac prevailed in the acid soil, 
Mycogme nigra and Coccospora agricola in the alkaline soil. The fungi of the 
former group were more resistant to acidity and decomposed cellulose more 
rapidly in acid soil, whereas the reverse was true of those of the latter group. 

Addition of casein gave rise to an abundant development of fungi (especially 
of Penicillia and Mucoraceae) in acid soil but not in alkaline soil, except when 
cellulose was also added. 

Alfalfa seed meal caused an abundant development of Penicillia and Muco- 
raceae in acid soil, and a somewhat more limited growth of Mucoraceae and 
Fusaria in neutral to alkaline soil. 

The proteolytic power of the soil fungi varied considerably according to the 
experimental conditions, but would in several instances rival or exceed that of 
Bacillus mycoides and Actinomyces griseus. The most strongly proteolytic 
fungi were not necessarily those appearing to grow most actively when protein 
was added to the soil. 
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The modern trend of thought regarding the nature of base exchange reactions 
has rather definitely related soil acidity to the absorptive properties of the soil. 
There have been many different views presented, however, to explain the exact 
relation between these exchange properties and soil acidity. Although the 
investigations of Bradfield, Kelley, Mattson, and Truog in this country and the 
work of the Europeans, Gedroiz, Hissink, Od6n, Page, and- others, have solved 
a number of problems related to soil acidity, many conflicting ideas that need 
to be clarified have arisen from their studies. 

It is the purpose of this paper to show the differences in the acids from various 
soils and to discuss the relationships existing between these acids and the kind 
and extent of weatliering under which the soil has developed; to show the 
relation of the nature of the soil acids to the chemical composition of the soil 
colloidal material as expressed by the Si02-sesquioxide ratio; and to discuss the 
reliability of the methods for determining the chemical composition and nature 
of the soil exchange complex. 


REVIEW OF LITERATURE 

Most soil investigators agree that base exchange and soil acidity phenomena originate in 
the complex ferro- and alumino-silicates found in the soil colloidal material. Bradfield (4) 
in his original work on the chemical reactions of a colloidal clay, advanced the theory that the 
colloidal clay of an acid soil is a true acid which ionizes to give a definite H-ion concentration, 
lie considered these colloidal particles as large complex ions. The titration curve of the soil 
acid showed the characteristic properties of a monobasic acid. It was well buffered through- 
out the entire pH range. Although it acted similarly to a monobasic acid, Bradfield considers 
its ionization as representing a series of mass action relations as expressed by the equation: 


[H^l [X-] 
IHX]„ 


Kuf Kft, Ke — — K 




where Kb Kn represent the dissociation constants of a series of acids. The explana- 

tion for obtaining the typical monobasic acid titration curve in lieu of this series of acids is 
based upon the fact that a mixture of acids with unlike dissociation constants may give the 
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typical monobasic curve if their respective constants are close enough together so that their 
individual curves overlap. The relative amount of any one acid would probably determine 
the exact shape of the curve. One of the writers (3) has shown that the nature of the titration 
curve or any particular soil acid is dependent upon the valance and hydration of the cation 
of the base with which the acid is titrated. Further work by Bradfield (5) has confirmed his 
original theory that soil acidity is due to complex colloidal alumino-silicic acids that dissociate 
in a similar manner to ordinary monobasic acids. Recent work by one of the writers (3) has 
shown that the physico-chemical properties of the soil colloidal material are functions of the 
degree of dissociation of these complex colloidal acids and their salts. 

Kelley and Brown (11), from an analysis of their work on base exchange, advance a similar 
explanation for soil acidity, stating that the Il-ion concentration of the soil is determined by 
the products of dissociation of the exchange complex, the hydrolytic products of the complex, 
and the buffer properties of the soil. They consider the replaceable bases in a soil as being the 
cations of salts of one or more alumino-silicic acids. Page (17) states that all soil acidity is 
essentialy of one kind, namely, that it is due to exchangeable hydrogen. The absorbing 
complex of the soil is considered as being an ^^acidoid,” an insoluble colloidal acid, which is 
associated with surface active hydrogen and basic cations. For any given soil this complex 
possesses a fairly well-defined saturation capacity. Oden (16) accepts the views of Page and 
liradfield, stating that these “acidoid” elements are a result of the weathering processes and 
that each soil will have a relatively constant pll due to the relatively constant rainfall and 
the composition of the mineral part of the soil. The fixation of H ions is attributed to the 
Si 02 in the exchange complex, and the fixation of OH ions to the AI 2 O 3 and Fe 208 . 

Kerr (12, 13) has shown that the exchange complex is composed of definite chemical com- 
pounds having a characteristic crystalline form. He comes to the same conclusion as Brad- 
field and others that base exchange and soil acidity arc due to complex alumino-silicatcs. He 
further concludes, however, that the predominant, if not the only, mineral in the inorganic 
exchange complex is a monobasic alumino-silicic acid corresponding to the formula 

H 2 O (AbOrfi SIO 2 ) 8 H 2 O 

Irrespective ot the nature of weathering processes, this compound is considered as being the 
sole acid that imparts acidity to a soil. The difference between the acidity of different soils 
is one of degree and not of kind. Joffe and McLean (10) suggest that various soils possess 
the same type of colloidal substance that varies only in its degree of dispersion. The results 
in this paper will aid in clarifying these divergent opinions. 

The chemical composition of the soil colloidal material as expressed by the SiCb-sesquiox- 
ide ratio varies considerably in different soils. Robinson and Holmes (20) have reported the 
results of numerous analyses of soil colloids which indicate that the extent of leaching of 
various soils is responsible for these variations in composition. Since the soil colloidal 
material is chiefly composed of the products of weathering of various soij-forming minerals, 
its composition varies considerably depending upon the kind and extent of weathering. 
Colloidal material extracted from soils developed under humid conditions and fairly high 
temperatures tend to have a low SiOa-sesquioxide ratio because the silica is removed from the 
soil by the v/eathcring processes. On the other hand, the colloidal material from soils weath- 
ered in a humid climate with moderately low temperatures tends to have a high ratio, because 
aluminum and iron are leached away. Therefore, the soils from the north (podzolic soils) 
have a higher ratio than those weathered under tropical or subtropical conditions (lateritic 
soils). Gile (9) states that different soil colloidal materials are of the same general nature, 
varying only in their Si 02 -sesquioxide ratio. The nature of the colloid is changed by varying 
the content and nature of the silica. 

Numerous investigators have shown that the properties of the soil colloidal material vary 
with the SiOi-sesquioxide ratio. 'Anderson and Mattson (2) have shown that the heat of 
wetting, and the absorjJtive capacity of the soil for NHa and malachite green are proportional 
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Descripiion of soils used in this study 
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to this ratio. Parker and Pate (18) report that there is a good correlation between the SiO*- 
sesquioxide ratio of the soil colloids and their exchangeable base content. Colloids with a 
high ratio tend to have more exchangeable bases. Mattson (IS) has fairly definitely estab- 
lished that the capacity of the exchange complex to absorb cations increases wilih this ratio. 
The absorptive capacity of the soil for cations increases after the removal of the free sesquiox- 
ides. Adsorption of anions increases with a decrease in the ratio. He attributes the absorp- 
tion of anions to the free sesquioxides that the soil may contain. Anderson also states 
that the absorptive capacity and exchangeable base content of soils are dependent upon this 
ratio. Although these data do not show an exact relationship between the base exchange 
properties of the soil colloids and the SiOy-sesquioxide ratio, undoubtedly the absorptive 
properties of soil colloids are dependent in some way up>on this ratio. 
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Fig. 1. The Effect of Time on the Titration Curves of Colloidal Clay Acids 


EXPERIMENTAL 

Colloidal material extracted from 27 different soils, by the method of Brad- 
field (4), was used in this investigation. Since several of these soils were of the 
same soil series and type, the results on only 21 soils are reported in this paper. 
The curves for soils from the same series were practically identical in nature 
In order to show more clearly the wide differences in these soils with respect to 
origin and the kind and extent of weathering, a brief description is given in 
table 1. 

Two grams of colloidal material extracted from each of these soils were elcc- 
trodialyzed in a Bradfield three-compartment cell until all of the exchangeable 
cations were removed. The contents of the cathode chamber were analyzed 
for exchangeable cations. The electrodialyzed colloids were transferred from 
the cell to Erlenmeyer flasks. . A 1 per cent colloidal suspension was obtained 
after the cell was rinsed out. Then suspensions were titrated electrometrically 
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with 0.1 iV NaOH, the hydrogen electrode being used. The suspensions were 
shaken on a mechanical shaker for 2 hours after the addition of the base and 
allowed to stand for approximately 18 hours in order to attain equilibrium. 
Readings taken immediately after the addition of NaOH were found to be un- 
reliable because equilibrium between the base and the acid clay had not been 
obtained. This is clearly shown in figure 1. Bradfield (6) has shown that this 
method of removing all of the exchangeable bases from soil colloids and titrating 
the resulting H-colloid with a base not only gives the total exchange capacity 


TABLE 2 

Soil acidity data on the soils used in this investigation 


SOIL 

MUMBLS 

SOIL TYPE 

Sip* 

R3O2 

total 

EXCUANOE 
CAPACITY 
ME PER 
100 GM 
COLLOID 

pK OP 
b(JlL ACU> 

DEGREE 
or DISSO- 
CIATION 
OF SOIL 
ACID* 

EXCHANGE 
CAPACITY 
4- pK 
VALUE 

386 

Decatur silt loam 

1.73 

11 

6.15 

ptr cent 

23.0 

1 80 

557 

Lintonia silt loam 

2.60 

22 

5 75 

4 5 

3.82 

671 

Cory silt loam 

3.20 

22 

5.05 

40 4 

3 90 

674 

Cecil clay loam 


13 

6 45 

6 1 

2 00 

675 

Norfolk sandy loam 

1.92 

22 

6.85 

8.1 

3.20 

676 

Colby silt loam 

3.18 

32 


8 8 

5.25 


Miami silt loam 

3.97 

30 

6 25 

i 11 8 

4 80 

680 

j Greenville fine sandy loam 

1 62 

20 

6 50 

8 8 

3.10 

707A 

Susquehanna clay 

2 27 

28 

5 85 

25 2 

4.80 

707 B 

Susquehanna clay 

2 11 

36 

6 35 

14 0 

5.70 

707C 

Susquehanna clay 

3 25 

55 

6 25 i 

8.1 

8.80 

707D 

Susquehanna clay 

3 50 

46 

5 20 

7.8 

8 80 

710A 

Oktibbeha day 

1 81 i 

34 

5 20 1 

41 4 

6 50 


Oktibbeha day 

1.83 

34 

5 75 

46.4 

5 90 


Oktibbeha clay 

1 90 

22 

6 05 

7.2 

3.65 

710D 1 

Oktibbeha clay 

1 92 

22 


6 4 

3 50 

722A i 

Kutaw clay 

2 18 

27 

5 55 

11 7 

4.70 

722B 

Eutaw day 

2.31 

33 

5.15 

15.1 

6.40 

742A 

Lufkin day 

3.85 

30 


11.8 

5.00 

742B 

Lufkin day 

3.81 

30 

mm 

16 6 

5.30 

743 

Putnjim clay 

3 20 

57 

1 5 75 


9.90 


* Determined at tlie pH of the pure acid coUoidal clay. 


of the colloid, but also determined the dissociation constant of the soil acid. 

The SiO^-sesquioxide ratio was determined in the usual way. Ti02 was not 
included witli the AI2O3. 


RESULTS 

The titration curves of these soil acids are graphically shown in figures 2, 3, 
4, 5, and 6. The Si02-sesquioxide ratio, exchange capacity, pK values and the 
degree of dissociation of the acids are given in table 2. These curves show 
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very clearly that the nature of the soil acid in all of these soils is not the same. 
Although all of the curves have the same general shape, similar to a monobasic 
acid, their respective slopes and the pH range over which they are buffered 
vary considerably. However, the titration curves of soils that have weathered 
under similar conditions and to approximately the same extent are quite 
similar. 

If these curves are compared with the Si02-sesquioxide ratio of the soil col- 
loids, several general tendencies are manifested. In the first place, if only 
those soils that are moderately or highly weathered are considered, the total 
exchange capacity of the colloid increases with the Si02-sesquioxide. This has 
been observed by other investigators (12 18, 19). Secondly, the buffer capac- 
ity of the colloidal material increases with this ratio. This is especially mani- 
fested by soils 707 A, B, C, and D and soil 743 when compared with soils 386, 
674, 675, and 680. Finally, the strength of the soil acid, that is, its dissociation 
constant, also tends to increase with this ratio. These three general relation- 
ships can be drawn from the existing data with a fair degree of accuracy. 

The relative strengths of these soil acids can best be expressed by multiplying 
the amount of acid present, that is, the exchange capacity of the colloid, by its 
dissociation constant. Since the dissociation constants of these acids are ex- 
pressed in this study by their pK values, the exchange capacity is divided by 
this value. If the resulting factor is plotted against the SiC) 2 -sesquioxide ratio, 
there appears to be no one direct relationship between them. However, there 
appears to be three different groups of soils in w^hich there tends to be a fairly 
good relationship between these two factors. If the total exchange capacity is 
plotted against the Si02-sesquioxide ratios (fig. 7) similar relationships are ob- 
tained. The same three groups of soils appear to remain intact even though 
the pK values of the soil acids do not fall in these same classes. The work of 
Mattson (14), w’ho used five different soils, indicates that there is a direct rela- 
tion between the Si02-sesquioxide ratio and exchange capacity. Anderson’s 
data (1) with seven soils show that this relationship tends to be logarithmic. 
The results of Parker and Pate (18) with colloids from 14 soils may be interpreted 
in such a w^ay as to show that this relationship is either logarithmic, or that 
there are two groups of colloids in W’hich a direct relationship is obtained. All 
of the existing data on the relation of the absorptive properties of soil colloids 
to the Si02-sesquioxide ratio indicate that there is some relationship between 
these two factors, even though its exact nature cannot be accurately established. 

DISCUSSION 
Nature of soil acids 

It is apparent from an analysis of these titration curves and the data in table 
2 that the nature of soil acids varies considerably in different soils. Highly or 
moderately weathered soils with a high SiQj-sesquioxide ratio tend to have a 
higher buffer capacity and a smaller pK value than those that have not wea- 
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thered so thoroughly. However, there are several outstanding exceptions to 
this more or less general tendency. For example, if soils 676, and 679 (fig. 6), 
soils 707C and 707D (fig. 5), and soil 743 (fig. 4) are compared, it is apparent 
that even though they have a Si02-sesquioxide ratio > 3 and represent soils 
that are fairly well weathered, there are significant differences beween their ti- 
tration curves. Their buffer capacities and the strength of their acids arc 
different. If the conditions of weathering under which these particular colloids 
have developed are considered, some light is thrown upon the cause of these 
differences. Soils 676, and 679 are the surface horizons from soils that have 
developed under the podzolic type of weathering. In this type of weathering, 
aluminum and iron leach away from the upper layers of the soil profile and tend 
to precipitate or settle out in the lower horizons where they encounter a less 
acid medium in their percolation downvrard. This tends toward the formation 
of a complex in the surface soil that will be high in silica, either as a part of the 
exchange complex or as free SiQa. On the other hand, soil 743 represents the 
layer of accumulation from a podzolic type of soil. This horizon contains the 
highest percentage of colloidal material. Materials in suspension that percolate 
downward from the surface horizons accumulate in this zone. Therefore, its 
exchange complex should be expected to be different from that of the surface 
horizons from which materials have been removed. 

Numbers 707C and 707D represent soils that have weathered under the 
lateritic type of weathering in w^hich silica tends to be carried away and alumi- 
num and iron tend to remain behind. These two soils are the least weathered 
horizons of this Susquehanna profile. However, several interesting relation- 
ships are manifested. Soil 7()7D has a Si02-sesquioxide ratio of 3.50. The 
ratio of 707C is 3.25 w^hile that of the horizon above it is only 2.1 1 . This shows 
very clearly that as the soils of the south become more highly weathered, 
silica is removed from the complex. There appears to be a significant change 
in the type of acid as the weathering processes alter these soils. From an 
analysis of the data of tlicse six soils, all of which have somew^hat similar Si 02 - 
sesquioxide ratios, but represent different types and degrees of weathering, it 
is apparent that there are different types of soil acids in these particular soils. 
This fact is further substantiated if the highly weathered soils of the south, 
soils 386, 674, 675, 680, 707A, and 707B, are compared with these soils pre- 
viously mentioned or with the soils of the coastal plain Black Belt, soils 710, 
722, and 742. These differences cannot be explained by variations in the Si02- 
sesquioxide ratio, as will be brought out later in the discussion. Pierre and 
Scarseth (19), in studying the relation of percentage base saturation of soils 
to their pH values, state that the differences in soil acids cannot be attributed to 
variations in this ratio. They conclude that the percentage base saturation 
of soils at like pH values is related to the degree of dissociation of the soil 
acids. The degree of dissociation of any soil add, of course, is a function of 
its dissociation constant and the quantity of acid present, as previously men- 
tioned. Its relative value can be calculated at any pH value by dividing the 
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measured hydrogen-ion concentration by the total amount of hydrogen present 
(exchangeable hydrogen). 

The exchange complex of any soil and, therefore, the type of soil acid, may 
originate in any one or all of three ways. First, weathering processes may re- 
move certain constituents from the original alumino-silicatc minerals which 
are leached away leaving behind a complex that would be characteristic of the 
kind of weathering and independent of the parent material. Secondly, the 
colloidal oxides of Al, Fe, and Si that arise from a partial decomposition of the 
original complex may mutually flocculate and form an entirely different type 
of complex. FinalJ}^ there may be a precipitation of A), Fe, and Si from solu- 
tion that would give another type of complex. These three possibilities would 
allow the formation of different complexes dependent upon the kind and extent 
of w^eathering. This conception is also held by Gedroiz (8). Mattson (14), 
working with artificial zeolites, found that the nature of his precipitates de- 
pended upon the H-ion concentration. Precipitates having a high Si 02 /Al 203 
were obtained in the jjresence of Ca and Mg ions. In the absence of bases, but 
in a neutral or slightly acid medium the precipitate consisted largely of sesqui- 
oxides. Burgess and McGeorge (7) were able to obtain different zeolites de- 
pendent upon the reaction at which they vrere formed. Ross (21), in studying 
the mineralogy of clays, states that clay minerals may form by weathering 
certain elements from an old mineral; by complete replacement of a mineral; 
by crystallization of colloidal material; by direct precipitation from solutions; 
and by a reaction between older minerals and the soil solution. He further 
states that there is a relation between the type of clay mineral and the climatic 
or other physical conditions under which it is formed and that it would have 
different chemical and physical properties. He found, however, that there 
appeared to be a “dominant clay-forming minerar’ of the beidellite type. 

The data here j)resented do not confirm the conclusions of Kerr (13), who 
states that there is only one soil acid. However, it may be that the soils from 
which he extracted the “true” exchange complex were of such a nature that 
wide differences were not manifested. Soils from the South may compare wdth 
those from the North if the extent of weathering has not been considered. 

The nature of the soil acid appears to be so closely associated with the kind 
and extent of weathering that it may be used, perhaps, in the classification of 
soils. For example, in figures 2a and 2b there appear to be two types of acids 
represented by four different soils. The nature of the acid in soils 675 — Nor- 
folk sandy loam— and 680 — Greenville fine sandy loam— is the same, even 
though the Norfolk has w^eathered from unconsolidated sandstone and the 
Greenville from limestone. They are both Coastal Plain soils and have weath- 
ered to about the same extent. Soil 386 — Decatur silt loam — and soil 674 — 
Cecil clay loam — appear to have the same type of acid. The have weath- 
ered similarly and represent older soils than the Norfolk and the Greenville. 
The Decatur has weathered from limestone and the Cecil from silicate rocks. 
Likewise, in figure 6, the nature of the acid in soil 676 — Colby silt loam from 
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Wisconsin, a soil derived from loessial material — is similar to that in soil 
679 — Miami silt loam, weathered from glacial till in the late Wisconsin drift. 
Both soils have weathered to approximately the same extent under the podzolic 
type of weathering. Kerr (13) has shown that the base exchange complex in 
these two soils is similar. Furthermore, if the soils of the coastal plain Black 
Belt are considered (figs. 3 and 4), the nature of the acid appears to be a cri- 
terion of the extent of weathering in these soils. These soils are derived from 
the same geologic deposit, namely, a heavy marine clay deposited on the Selma 
chalk. The Lufkin is the least weathered, has the highest Si02-sesquioxide 
ratio, and possesses the weakest acid. The Oktibbeha is the most highly weath- 
ered, has the lowest ratio, and possesses the strongest acid. This comparison 
holds true in comparing the surface horizons which are the most highly weathered 
zones in the profile. 

Gedroiz (8) has suggested that the absorbed cations in the soil exchange 
complex may be used in a genetic classification of soils. He has divided all 
soils into several categories on this basis. Podzolic and lateritic soils are 
classified as soils containing exchangeable hydrogen in the exchange complex. 
The latter are characterized by a strong decomposition of the complex through- 
out the entire profile (true laterite) with an accumulation of Al^Os and Fe 20 i. 
The exchange complex of the former is decomposed only in the surface horizons. 
The data presented in the foregoing indicate that the nature of the soil acid as 
determined by an analysis of its titration curve may also serve as a basis for 
characterizing soils. 

Soil acidity as affected by the SiOi/RjDz 

An analysis of the data in table 2 and figure 7 clearly shows that there is 
no one direct relationship between the Si02-sesquioxide ratio and the nature 
of the soil acids. This may seem contradictory to the previous work of Ander- 
son, Mattson (15), and Parker and Pate (18). However, as previously men- 
tioned, the results of these investigators may be interpreted in several ways 
dependent upon the number and kind of soils that were studied. The result 
in figure 7 indicate that there may be three groups of soil colloidal materials 
in which there tends to be a direct relationship between the Si02-sesquioxide 
ratio and the total absorptive capacity of the colloid as well as the relative 
strength of the soil acids. The data of Parker and Pate (18) show that there 
may be two such groups in their respective colloids. 

A satisfactory explanation for these three “apparent groups” cannot be 
given because of an insufficient knowledge of the exact chemical nature of the 
soil exchange complex. Two possibilities, however, seem to be manifested. 
Following the suggestion that the soil exchange complex may form in any 
one or all of three ways, and that it can vary according to the kind and extent 
of weathering, these three “apparent groups” may be the result of different 
types of exchange complexes,^ On the other hand, different weathering proc- 
esses are conducive to the accumulation of various amounts of the free oxides 
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of Al, Fe, and Si. SiOa tends to accumulate under podzolic types of weathering. 
Lateritic weathering is characterized by an accumulation of AI2O3 and Fe 203 . 
If free oxides were present the observed Si02“Sesquioxide ratio would not repre- 
sent the true ratio of the exchange complex. Mattson (15) has shown con- 
clusively that the presence of free sesquioxides materially affects the absorptive 
properties of the soil. Colloidal material from a Norfolk soil that originally 
had a Si02-sesquioxide ratio of 1.63 and a total exchange capacity of 20.7 milli- 
equivalents per 100 gm. of colloid, was found to have a ratio of 2.19 and an 
exchange capacity of 42.5 milliequivalents after the free sesquioxides had been 
removed. The results in figure 7 may be explained, therefore, on the bases that 
some of these colloids contained free AI2O3 and Fe 203 and others free Si02 
Perhaps if the true chemical comjxisition of the exchange complex was deter- 
mined, the results would show a more direct relationship. 

During the process of electrodialysis the free oxides of Al and Fe moved to- 
wards the cathode and de])osited on the membrane next to the cathode chamber 
where they encountered an alkaline reaction. This resulted in a discoloration 
of the membrane. Observations showed that some of these colloidal materials 
apparently contained no free oxides of Al and Fe because the membrane was 
not discolored. However, this did not indicate an absence of free Si02. It was 
interesting to note that most of the soils that apparently contained few free 
sesquioxides fell in the middle class in figure 7. 

THE RELIABILITY OF PRESENT METHODS OF ANALYZING THE EXCHANGE COMPLEX 

It is very evident from the foregoing discussion that many of the apx)arent 
discrepancies in the relation of the Si02-sesquioxide ratio to the absorptive 
pro])erlies of the exchange complex and the nature of the soil acids are associated 
with an incomplete understanding of the true chemical composition of the 
complex. Present methods for analyzing the exchange complex involve the 
separation of the colloidal material from the soil and the determinations of the 
different elements in the fraction thus obtained. Data have been obtained, 
thereby, that cannot be satisfactorily correlated. If the wide variations in the 
technique of isolating the so-caUed exchange complex as well as the possibilities 
of its containing free oxides are considered, it is apparent that satisfactory 
relationships between the Si02-sesquioxide ratio and the properties of the col- 
loids cannot be expected. 

It appears logical, therefore, to suggest that present methods be so modified 
that the colloidal fraction of soils as isolated by different investigators will be 
fairly uniform as far as its mechanical composition is concerned. In addition 
to this, the colloidal material should be analyzed for the free oxides of Al, Fe, 
and Si. This undoubtedly will require a thorough study of analytical methods, 
Gedroiz (8) suggests a mild KOH extraction for determining the free Si02 in 
soils. Mattson (15) determines the free sesquioxides by peptization with a hot 
AlCls solution. His preliminary data show some very interesting relationships. 

If the free oxides of the soil colloidal material can be accurately determined 
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without destruction of the exchange complex, the results obtained will un- 
doubtedly not only give a more complete conception of the true nature of the 
exchange complex as developed under different conditions, but also the relation 
of the accumulation of free oxides to these same conditions. Until more is 
known concerning the effect of free oxides, satisfactory relationships between 
the chemical composition of the soil colloidal material and its physico-chemical 
properties will not be obtained. 


SUMMARY 

Colloidal material has been isolated from 21 different soils representing var- 
ious kinds and states of weathering. The SiOrsesquioxide ratio, the total ex- 
change capacity, and the nature of the soil acids have been determined on these 
colloids. 

The following results have been obtained in this study: 

The nature of soil acids varies considerably in different soils. In weathered soils their 
nature is solely a function of the kind and extent of weathering and is independent of the 
parent material. This indicates that there is more than one type of soil acid. 

Colloidal material extracted from soils that are well weathered and that have a high SiOs- 
sesquioxide ratio tends to be more highly buffered and exhibits stronger acidity than those 
colloids having a low ratio. Their total exchange capacity is higher. 

The buffer capacity of the colloids appears to be primarily a function of the nature of the 
soil acid. 

The nature of the soil acids may prove to be a valuable criterion in the classification of 
soils. 

The exchange complex may develop by removal of certain constituents from the original 
alumino-silicate minerals; by mutual flocculation of the colloidal oxides of Al, Fe, and Si; 
and by the precipitation of Al, Fe, and Si from solution. 

There is no one direct relationship between the SiO* -sesquioxide ratio and the total 
exchange capacity of tJie colloid, or the nature of the soil acid. Three different groups 
appear to be manifested in which a direct relationship between these factors is indicated. It 
is suggested that this may be due to different types of exchange complexes, or to the presence 
of free oxides of Al, Fe, and Si, 

It is suggested that in order to study more accurately the relation of the chemical composi- 
tion of soil colloidal material to its physicochemical properties the present methods be so 
modified that a uniform colloidal fraction is isolated from the soil, and that the free oxides of 
Al, Fe, and Si are not considered in expressing the Si02-sesquioxide ratio. 
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The following method of preparing soil solutions for the determination of 
total and filterable manganese and phosphorus has been found to be simpler 
than the official methods. The colorimetric analyses used enable greater 
accuracy on small quantities of the elements than the older standard methods. 

SOLUTION OF SMALL SAMPLES FOR TOTAL ANALYSES 

Put 1 gm. of finely pulverized soil (ground to pass a SO-mesh sieve or finer) 
into a dry 500-cc. Kjeldahl flask. Add 2 gm. of sodium chlorate. Wash down 
the sides with 25 cc. of 50 per cent (by volume) H 2 SO 4 and gently mix. Adjust 
the free flame to full height and immediately place it under the flask. This is 
done so that the air above the solution may be heated more rapidly than the 
solution and decompose the explosive chlorine peroxide as fast as it is liberated. 
If excessive green fumes form, care must be taken to prevent an explosion. In 
an open flask, however, the explosion is seldom serious. If the acid concentra- 
tion is correct and the heat is applied properly, chlorine peroxide will not ac- 
cumulate and no explosion will occur. 

If total nitrogen is to be estimated, the flask may be connected to a distilla- 
tion apparatus as described in an earlier article (3). If violent reaction begins 
withdraw the flame until violence ceases and then continue the heating carefully. 
When green fumes cease forming and the action is no longer violent, heat vigor- 
ously until the solution is clear, water has been driven off, sulfur trioxide fumes 
form, and sulfuric acid condenses on the sides. A green color of the solution 
at this point indicates manganese and proves that oxidation is complete. If 
the residue and solution are not free of organic matter add more chlorate in 
small portions at a time until the solution clears. When organic matter has 
been oxidized, chlorine driven off, and the solution cooled somewhat, add 75 cc. 
of water and shake well. If there is much residue the solution should be boiled 
until it is certain that all material that will dissolve has gone into solution. 
Make up to exactly 100 cc. The residue should be colorless and translucent if 

‘ The investigation reported in this paper is in connection with a project of the Kentucky 
Agricultural Experiment Station and is published by permission of the director. 
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all minerals have been dissolved and only siliceous material remains. If the 
residue settles readily, aliquots of the clear solution may be pipetted off for 
analysis. Filter, if necessary, and use appropriate aliquots for estimation of 
total manganese and phosphorus. 

SOLUTION OF LARGE SAMPLES FOR TOTAL ANALYSES 

If more than 1 gm. of soil is used, add 5 cc. of concentrated nitric acid and 1 
to 2 gm. of chlorate for each gram of sample. Heat with a high free flame. 
The oxidation is much less violent than in sulfuric acid and the heating should 
be continuously strong, unless foaming becomes excessive. Little chlorine 
peroxide is formed when a high strong flame is used. Heat until the residue 
is dry. Cool, add about 0.1 gm. of chlorate and 5 cc. of 50 per cent (by volume) 
sulfuric acid for each gram of soil. Heat and expel chlorine as with smaller 
samples. Take up the carbon-free salts as before. 

TOTAL MANGANESE 

To an aliquot containing 1 to 5 mgm. of manganese add concentrated sulfuric 
acid to make the amount of this acid in the solution about 20 cc. Add 20 cc. of 
nitric acid. Make up to about 70 cc. and analyze for Mn by the official method 
(1) with modifications as made by Willard and Greathouse (10), as follows; 
Add 0.05-0.1 gm. potassium periodate and boil until a permanganate color 
develops. Iloil one minute and add a slight excess of periodate. Keep hot 10 
minutes, then make to a known volume and match with a standard. A con- 
centration of 0.01 to 0.05 mgm. of Mn per cubic centimeter is most satisfactory 
for readings in a colorimeter. The standard should be made as directed b}' 
Wellard and Greathouse (10), or according to the official method (1). 

TOTAL PHOSPHORUS 

Make an aliquot containing 0.1 to 0.5 mgm. phosphorus up to about 50 cc. 
and add a few^ drops of phenolphthalein. Add 10 i)er cent NaOH drop by drop 
until a pink color appears. Make up to 70 cc. and determine phosphorus by 
the method of Fiske and Subbarow (6), making a few minor changes as follows: 
Add 10 cc. of 2.5 per cent ammonium molybdate made up in 5 N sulfuric acid. 
Mix well and add 4 cc. of 0.25 per cent 1,2,4-aminonaphtholsulfonic acid 
prepared as directed by Fiske and Subbarow (6). At the same time treat a 
standard solution in tlie same manner. (Dissolve 0.1755 gm. potassium dihy- 
drogen phosphate in 1,000 cc. of w^ater. Treat 5 cc. of this stock solution con- 
taining 0.2 mgm. phosphorus as described in the foregoing, and dilute to 100 cc., 
making a solution containing 0,002 mgm. of phosphorus per cubic centimeter.) 
Make up the unknowns to 100 cc. and after 10 minutes compare in a colorim- 
eter. Calculate the results to per cent of total phosphorus in the sample. 
The method of Deniges as used by Truog and Meyer (9) may be applied to this 
solution, although the foregoing method is preferred because of certain 
advantages (5). 
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RESULTS ON TOTAL MANGANESE AND PHOSPHORUS IN SOIL 

Karraker- (table 1) used the foregoing method for destroying organic matter 
and dissolving manganese, and obtained more manganese from two out of three 
soils than Shedd did by sodium carbonate fusion (8). Karraker (7) used the 
chlorate method in determining manganese in his study of the effect of man- 
ganese on the quinhydrone electrode. 

In order to test for manganese which might be held in the insoluble silicates, 
the thoroughly washed white silica residues were fused with sodium carbonate 
and tested for manganese by the periodate method. No traces could be de- 


TABLE 1 

Comparison of Mn found hy chlorate and by sodium carbonate fusion 


S\M1*LL 

CHLORATi: BY KABRAKER. PER CENT 
Of' AIR-DRY SOIL 

Na2COa fusion by shedd, per cent 

OF AIR-DRY SOIL 

36552 1 

0.077 

1 


0.075 

0.050 

56496 ( 

0.119 

0.136 


0.125 


14614 < 

0.240 

0,198 

1 

0.2.50 



TABLE 2 

Total manganese and phosphorus in soils 


1 

SOIL 1 

1 

1 

Mn 

P 

1 

I)i:lL*nTiinaUon 

Del ermi nation 

2 

Error from 
average 

Determination 

1 

Determination 

2 

Error from 
average 


per cent 

per certt 

per cent 

per cent 

per cent 

per cent 

1 

0 400 

0 420 

2.4 




2 

0 049 

0 045 

4.2 




3 

0.188 1 

0 200 

3.1 




4 

0 300 

0.312 

2 0 

0.222 

0.222 

0 

5 

0.180 

0.170 

2.9 

0.091 

0.091 

* 0 


tected. When the residues from three determinations were combined and 
fused with sodium carbonate, however, a faint trace of manganese did appear. 
This might, of course, have been from other sources than the insoluble silica. 

Phosphorus gave almost perfect checks in all cases tried. Table 2 gives 
results typical of those obtained in the analyses for total manganese and 
phosphorus. 

In order to determine whether silica might cause the phosphorus readings to 
be too high, as noted by Truog and Meyer (9), two 1-gm. samples of pure silica 

* P. E. Karraker, Ky, Agri, Exp. Sta., unpublished data. 
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were treated as the samples were treated in the foregoing procedures, and the 
solution w’as tested for phosphorus. No blue color developed. This indicates 
that not enough silica w'as brought into solution to cause error in the test. 
Evidently silicic acid is dehydrated by the evaporation to dryness and sulfuric 
acid treatments. . 

For comparison, phosphorus was determined in samples of soil that had been 
analyzed by S. D. Averitt,^ in the routine work of the soil survey, by the official 
magnesium nitrate method. 

Table 3 presents five comparisons between the two methods. In every case 
the chlorate method gave slightly larger amounts of total phosphorus. In soils 
1 and 5, containing about 0.06 per cent phosphorus, the chlorate method gave 
0.007 per cent more total phosphorus than the magnesium nitrate method; in 
soil 4, containing abnormally large amounts of phosphorus, 0.222 per cent more 
phosphorus was found; and in soil 2, which is low in phosphorus, only 0.001 per 
cent more phosphorus was found. 


TABLE 3 

Comparison of total phosphorus in soils by the official magnesium nitrate method and by the 

chlorate method 


Phosphorus as per cent of air-dry soil 


.SOIL NUMIIEB 

CHLORATE IfETHOD 

MAGNESIUM 
NITRATE METHOD 

DIPFEBENCE 

Determination 1 

Determination 2 

Average 

1 


0.061 

0.062 

0.055 

+0.007 

2 

0.033 

0.033 


0.032 

+0.001 

3 

0.156 



0.126 

+0.027 

4 

mSSm 

1,088 

1.054 

0.832 

+0.222 

5 




0.060 

+0.007 


FILTERABLE MANGANESE AND PHOSPHORUS 

As yet there is no standard method for the determination of minerals avail- 
able to plants. One investigator recommends treating the soil with 0.2 iV 
nitric acid; another, with O.liV hydrochloric acid; and, a third, with 0.01 
hydrochloric acid. There are others who use ammonium chloride and citric 
acid as solvents. In an experiment on the effect of soil reaction on plant 
growth it was found that existing methods for determining the availability of 
minerals were not applicable, because the addition of nearly all the solvents 
brought all soils to approximately the same reaction and masked the effect of 
the varying degree of acidity. 

Comber (2) states that there are three possible ways for plants to obtain soil 
nutrients; namely, by absorbing minerals naturally in true solution, by dissolv- 
ing readily available minerals through root action, and by absorbing minute 

2 Of the chemistry department of the Agricultural Experiment Station, University of 
Kentucky. 
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colloidal particles. It is apparent that minerals in true solution or those in a 
fine state of colloidal division are the ones most likely to be absorbed by plants. 
In order to obtain comparable results as to availability of minerals in the same 
soil regulated to varying degrees of acidity and alkalinity by various treat- 
ments, it was decided to shake soil with water and filter the supernatant liquid 
through a certain grade of filter paper. The minerals present in this filtrate, 
including those in solution and those in a very fine state of colloidal suspension, 
were considered available to the plant. Prolonged shaking with a large 
quantity of water was avoided, since this would change the degree of acidity 
by dilution and bring about marked changes in the actual state of the soil. 
Ten minutes of shaking, allowing the material to stand a few minutes, and 
immediate filtering of the supernatant liquid should more nearly extract only 
those minerals in actual solution or in a fine colloidal state in the normal soil 
solution. This treatment should break up the soil films. 

It is likely that the various analytical solvents and plant roots concentrate 
their action largely on the fine colloidal particles, and consequently a total 
analysis of these particles along with the minerals in actual solution should 
give a very close approximation to the available minerals in the soil without in- 
troducing foreign elements such as the hydrogen ion, the nitrate ion, the chlor- 
ide ion, and the citrate ion. 

The procedure adopted and a few of the results obtained follow. 

Procedure used in determining filterable manganese and phosphorus in a uniform 
soil adjusted to varying hydrogen-ion concentrations 

Place 100 gm. of air-dried soil in a 500-cc. Erlenmeyer or shaker bottle and 
add 2 cc. of distille<l water for each gram of soil. Shake vigorously for 10 
minutes. Allow to settle several minutes and decant upon a no. 2 genuine 
Whatman filter paper. Allow as little of the settled soil to go on the filter as 
possible. Pour back the first 10 to 20 cc. of filtrate. Evaporate a suitable 
aliquot of the filtrate to a small volume, taking care to keep any colloidal mate- 
rial well distributed by shaking before measuring. Treat the residue exactly as 
in the analysis of soil for total manganese and phosphorus. The amount of 
chlorate and the kind and amount of acid used should be regulated by the 
amount of organic matter to be destroyed. Usually only small amounts of 
chlorate and sulfuric acid are necessary. 

Results on filterable manganese and phosphorus in soils 

Tables 4, 5, and 6 present data which were obtained primarily to ascertain the 
effect of reaction on the availability of phosphorus and manganese in the soil. 
The tables are presented here only to verify the method used and the discussion 
will be limited to a comparison of duplicate treatments and samples. 

Table 4 shows the amounts of filterable manganese found in plots treated 
with similar kinds and amounts of chemicals, but of different position in the 
house and to which manure was added, as indicated. There is great variation in 
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a few cases, but when it is considered that the samples were taken from different 
plots and not from the same composite sample, it seems that the variation is not 
excessive. 


TABLE 4 


. Filterable manganese found in tomato soils 


TREATMENT 

CUKMiCALS ADDED TO 
PLOT'S 1 AND 2 

Mn 

ERROR FROM 

AVERAGE pH 

MANURE 
ADDED TO 

NUMBER 

Kind 

Tons 
an acre 

Plot 1 

Plot 2 

AVERAGE 

OBTAINED 

PLOTS 

1 

Check 


pp.tn. 

0.50 

IBil 

per cent 

0 

7.04 

1 and 2 

2 

Ca(OH)j 

5.5 

0.25 


5.7 

8.52 

2 

3 

H 3 PO 4 

1.0 

0.2s 


38.3 

6.42 

2 

4 

Na, 2 C 03 

2.4 

9.80 1 


1.0 

8.43 

2 

5 

NaaCOa 

0.5 

2.00 

2.03 

0.7 

7.58 

2 

6 

HNO 3 

2.4 

3.10 

3.10 

0 

5 85 

1 and 2 

7 

Check 


1.33 

3.30 

42.5 

7.09 

None 

8 

H 3 PO 4 

6.0 

3.50 

4.25 

16.1 

5.25 

2 

9 

Check 


0 49 

0.49 

I 0 

6.86 

1 None 

10 

NaiCOa 

0.5 

1.95 

1.95 

0 

7.70 

2 

11 

CaCOa 

18.0 

0.12 



8.00 

2 

12 

H 2 SO 4 

2.5 

6.22 

8.44 

15.1 

6 15 

2 


TABLE 5 


Filterable phosphorus found in tomato soils 


TREATMENT 

OIEMICALS ADDED TO 
PLOTS 1 AND 2 

Mn 

ERROR FROM 

AVERAGE pH 

MANURE 
ADDED rO 

NUMBER 

Kind 

Tons 
an acre 

Plot 1 

Plot 2 

AVERAGE 

ODTAtNED 

PLOIS 

1 

Check 


ppm 

20.0 

pp.m. 

20.0 

per cent 

0 

7.04 

1 and 2 

2 

Ca(OH )2 

5.5 

11.2 

10.7 

2.3 

8.52 

2 

3 

H,P04 

1.0 

57.6 

51.2 

5.9 

6.42 

2 

4 

NaaCOa 

2.4 

98.3 

89.1 

4.9 

8.43 

2 

5 

NaaCOs 

0.5 

79.9 

83.1 

1.9 

7.58 1 

2 

6 

HNOa 

2.4 

23.2 

24.0 

1.7 

5.85 

1 and 2 

7 

Check 


8,2 

8.6 

2.4 

7.09 

None 

8 

H 3 PO 4 

6,0 

192.0 

200.0 

2 0 

5.25 

2 

9 

Check 


19.2 

24.8 

12.7 

6.86 

None 

10 

NaaCOa 


27.2 

33.6 

10.5 

7.70 

2 

11 

CaCOa 

1 18.0 

24.0 

I 24.0 

0 

8.00 

2 

12 

H 2 SO 4 


9.1 

8.3 

4.6 

6.15 

2 

13 

HNOa 


11.5 

12.2 

2.9 

6.74 

1 2 

14 

H 3 PO 4 

1 5.0 

280.0 

280.0 

0 

5.10 

None 

15 

Ca(OH )2 

i 5.5 

5.3 

5.6 

2.7 

8.70 

2 

16 

CaCOa 


8.0 

8.3 

1.8 

8.00 

2 

17 

H 2 SO 4 

2.5 

. 28.3 

21.7 

13.2 

5.61 

2 

18 

H 2 SO 4 

3.0 

26.4 

32.0 

9.5 

5.20 

2 












OXIDIZING AND DISSOLVING SOIL 


181 


Table 5 includes data on filterable phosphorus from the same plots as in 
table 4 and a few additional cases. The variation from the average here does 
not exceed 13,2 per cent and as a rule is under 5 per cent, which is good, consid- 
ering that the duplicates were not run on composited samples from the same 
plot, but from composited samples from plots of similar treatment. 

In order to check the method further, two determinations were made on a 
composite sample from a single plot. Table 6 shows that the amounts of 
filterable phosphorus in the two determinations from the same composite 
sample are practically identical for each treatment or hydrogen-ion concentra- 

TABLE 6 

Filterable phosphorus in soils in which lettuce was grown 


Two determinations on composite samples of the same air-dry soil from each plot 


PLOT 

1 

THLATMLNr 

TONS j 

AN ACRE 

1 

DFTtRiriNA- 
TION 1 

DKTCRMINA' 
TION 2 

ERROR FROM 
AVERAGE 

AVERAGE pH 
OBIAINED 

1 

New soil check 


ppm 

11.20 

ppm. 

ptf cent 

5.80 

2 

Old soil check 


8.64 

8.64 

0 

6.86 

3 

Ca(OII), 

6.6 

7.04 

6.40 

4.7 

8.34 

4 

CaCOa 

17.6 

7.36 

7.36 

0 

7.84 

5 

CaCOa 

3.3 

5.76 

5.76 

0 

7.31 

6 

HiSO^ 

1.4 

8.96 

8.32 

3.7 

6.14 

7 

H 2 SO 4 

2.6 

22.40 

22.40 

0 

5 61 

8 

ILSO, 

5.9 

25 60 

25.60 

0 

4.64 

9 

HN 03 

2.9 

10.24 

10.24 

0 

5.98 

10 

! Old soil check 


8.64 

8.64 

0 

6.90 

11 

NaaCOa 

3,1 

27.60 

27.60 

0 

8.76 

12 

NaaCOj 

1.0 

11.56 

11.56 

0 

7.70 

13 

NaaCOa 

0.5 

8.96 

8.64 

1.8 

7.31 

14 

H 3 PO 4 

1,4 

48.00 i 

48,00 

0 1 

6.23 

15 

H 3 PO 4 

3,5 

115.20 

115.20 


5.75 

16 

Old soil check 


8.64 

7.68 

5.9 

6.85 

17 

H 3 PO 4 1 

8.1 

264.00 j 



5.24 

18 

Old soil check 


9.28 

9.60 

1.7 

6.79 

19 

HNO 3 

0.8 

6.40 

6.40 

0 

6.49 

20 

New soil -f NaaCOs 

0,33 

11.20 

10.88 

1.4 

6.84 


tion which exi«?ted in these soils. Table 6 also shows duplication between like 
treatments. For instance plots 2, 10, 16, and 18 are check plots and contain 
almost identical amounts of filterable phosphorus. 

SUMMARY 

Soils are prepared for total manganese and phosphorus aiialyses by destroy- 
ing the organic matter and bringing the minerals into solution by heating with 
sulfuric acid and sodium chlorate. 

Findings for manganese and phosphorus are presented. 
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The procedure is simpler than the usual methods and the danger of loss of the 
elements may be less, 

A method for determining relative availability of manganese and phosphorus 
without introducing foreign elements is proposed. The soil is shaken for 10 
minutes with water allowed to stand a few minutes, and the supernatant liquid 
filtered through a genuine Whatman no. 2 filter paper. The filtrate, which may 
include colloidal particles as well as substances in solution, is assumed to con- 
tain the approximate amount of manganese and phosphorus compounds that 
are available as plant-food. Manganese and phosphorus are determinated in 
this liquid in nearly the same way as described for total analysis. 
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HYDROGEN-ION CONCENTRATION, ALUMINUM CONCENTRA- 
TION IN THE SOIL SOLUTION, AND PERCENTAGE BASE SATURA- 
TION AS FACTORS AFFECTING PLANT GROWTH ON ACID SOILS» 

W. H. PIERRE 

Alabama Agricultural Experiment Station 
Received for publication May 5, 1930 

Much investigation of soil acidity in its relation to plant growth has resulted 
in the proposal of a number of theories for explaining the data obtained. 
Although it is realized that soil acidity may affect plant growth in a variety of 
ways, as has been pointed out by Truog (44), the question as to which factors of 
acidity are directly concerned and arc of primary importance remains to be 
determined. Robinson (37) recently expressed this viewpoint as follows: “In 
so-called acid soils we have a combination of acid reaction, active aluminum, 
low calcium content, and other factors all more or less correlated among them- 
selves. It is important to know which of these factors is the primary factor 
of which the others are only secondary consequences.’’ 

Since the introduction of the hydrogen electrode into soil investigations, 
much has been claimed for the value of determinations of hydrogen-ion concen- 
tration in explaining the relationship between soil acidity and plant growth 
(3, 24, 39, 40, 46). Various lines of evidence suggest, however, that the hydro- 
gen-ion concentration of soils cannot be considered a direct or primary factor in 
causing poor plant growth on acid soils. In the first place, conflicting results 
have been obtained by various investigators (7, 26, 36, 42) regarding the opti- 
mum icaction for the growth of the same crops. Secondly, several investi- 
gators (12, 13) have reported little correlation betw^een hydrogen-ion concen- 
tration of soils and the response of crops to liming. 

Both Dulcy (12) and Fleetwood (13) conclude from their works that the 
amount of available soil calcium as determined by extraction with carbonated 
water, is a better indication of the response of plants to liming than is the total 
acidity of the soil or its hydrogen-ion concentration. 

On the other hand, much evidence has been submitted in favor of the toxic 
aluminum theoiy of soil acidity by a number of American investigators (4, 8, 
10, 22). Without going into any detail regarding the investigations upon 
which this theory is based, the recent criticism of the theory by Line (17) raises 
some question as to its validity. 

* Published with the approval of the director of the Alabama Agricultural Experiment 
Station. Part of the work connected with this paper has been done since the writer has been 
with the West Virginia Agricultural Experiment Station. 
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Moreover, the recent development of the base exchange conception of soil 
acidity suggests that plant growth on acid soils may be more closely related to 
the condition of the soil with respect to base saturation than it is to hydrogen- 
ion concentration or aluminum toxicity. 

This investigation was started with the following objectives: 

To compare different soils with respect to the hydrogen-ion concentration at which plant 
growth is delinitely reduced (“critical hydrogen-ion concentration”)- 

To determine the concentration of aluminum and other elements in the displaced soil 
solution at various degrees of acidity and to study their effect on plant growth. 

To study the relationship between plant growth on acid soils and the ratio of potassium 
to calcium in the displaced soil solution. 

To study the influence of the percentage base saturation of acid soils on plant growth. 

EXPERIMENTAL METHODS AND PROCEDURE 

Thirteen large samples of soils were obtained, seven from Alabama and the 
remainder from four other states.® They were selected with the purpose of 
having soils formed under different climatic conditions and which were of 
different degrees of weathering. A description of the soils is given in table 1. 
Each soil was thoroughly mixed and ])assed through a one-fourth inch screen 
upon being taken to the greenhouse. Seven kilograms of dry soil was then 
placed in each of ten 2-gallon glazed earthenware pots. This provided two pots 
for each of the five different soil treatments to be given. 

Treatment of soils 

The different treatments consisted of bringing each soil to five different de- 
grees of reaction. This was done by additions of lime or of a combination of 
nitric and sulfuric acids. In all cases but one the soils had original reactions 
between pH 5.20 and 6.(X). Three of the treatments consisted of additions of a 
combination of equal amounts of normal nitric and sulfuric acids to bring the 
soils to pH values of 4.80 to 5.10. These acids are believed lo simulate the 
action of ammoniimi sulfate on soils. The other treatment consisted of liming 
each soil according to its respective content of exchangeable hydrogen, deter- 
mined according to the barium acetate method (27). The other set of pots 
received no lime nor acid treatments. In the case of soil 671, all were lime 
treatments, since the soil had an original pH value of 4.40. The amount of 
acid required to bring the soils to the pH values desired was determined by 
the buffer method previously described (31). The acid was added by dumping 
the soil from a pot into a large pan and by adding the acid in a fine spray while 
mixing the soil in the pan. The lime was added in the form of precipitated 
calcium carbonate. After the soils were put back into the pots, rain water was 
added to bring them to approximately optimum moisture. They were kept 

* The writer wishes to express his appreciation to the following men for furnishing soil 
samples from their respective states:' Prof. W. E. A3rres, Mississippi; Dr. F. C. Bauer, Illinois; 
Dr. T. S. Buie, South Carolina; Prof. A. R. Whitson, Wisconsin. 
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at about this moisture content for six months by further additions of rain water 
when necessary. At the end of two and four months the soil in each pot was 
mixed thoroughly and a sample taken for determination of hydrogen-ion con- 
centration. At the end of six months the soils were leached with rain water, 


TABLE 1 

Description of soils used in this investigation 


SOIL 

NUMDK& 

SOIL TYPr. 

GI'OLOC.IC C'LASSII- 1C ATION 
()1 SOUS 

H-ion 

CONCLN- 

TRAIJON 

ORGANIC 

MA1T1.R 

(t»KGAN- 

ic C X 

1 724) 

TO! AL 
tx 

CHANCE 

CAPACIfY 

mols SiOj 
mols Rzbs 

OF COLLOIDS 




pn 

per cent 

tnp,m 

equtv 

1 

670 

Clrundy silt loam 

Derived from Peor- 

5 20 

6 07 

29 37 

2 99 


(111.) 

ian loess under 
conditions of xioor 
drainage 





671 

C'ory silt loam (III ) 

Derived from shal- 

4 58 

1 91 

8 88 

3 20 



low deposits of 
Sanganon and Peo- 
rian loess on top 
of Illionian glacial 
drift 





672 

Cecil sandy loam 

Residual. Piedmont 

5 88 

3 48 

7 29 

1 78 


(S. c; ) 

Plateau 





673 

Delta light silt loam 

Alluvial, from Miss 

6 «) 

1 48 

9.47 

2 66 


(Miss ) 

River 





674 

Cecil tlay loam 

Residual. Piedmont 

6 15 

1 57 

5 57 

1 57 


(-Ma ) 

Plateau i 





675 

Norfolk sandv loam 

Marine. Coastal 

5 60 

0 97 

2 35 

1 92 


(Ala.) 

Plains 





676 

Colby silt loam 

Cilacial and locsbial 

5 63 

3 64 

14 54 

3 18 


(Wis) 






678 

Cc(.il clay (Ala ) 

Residual. Piedmont 

5.43 

1 60 

4 35 

1 48 



Plateau 





679 

Miami silt loam 

Glacial till 

5 85 

3 36 

10 68 

3 97 


(Wis.) 



1 

j 


680 

(ireenville fine sandy 

Alarine. Coastal 

5 40 

2.62 

8 26 

1 62 


lojun (Ala.) 

Plains 





683 

Susciuelianna fine 

Marine. Coastal 

5 40 

2 47 

5.12 

2 01 


sandy loam (Ala ) 

Plains 





684 

Norfolk sandy loam 

Marine. Coastal 

5 35 

1 57 

3 22 

— • 


(Ala.) 

Plains 





685 

Greenville sandy 

Marine. Coastal 

5 48 

1 26 

2 43 

— 


loam (Ala.) 

IMains 






to remove the soluble salts which accumulated through the reaction of the acid 
with the soil, and thus to simulate field conditions as closely as possible. Seven 
to twelve liters of water was added to each pot for the diflPerent soils, the amount 
of water added to each pot of the same soil being the same. This leaching was 
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sufficient to remove practically all tlie nitrates that had been added to many 
of the pots in the form of nitric acid. After the soil in each pot had dried par- 
tially, it was again dumped into a large pan, thoroughly mixed, and a sample 
taken for determination of hydrogen-ion concentration. The soils were then 
fertilized, as described elsewhere in this paper. 

Soils 683, 684, and 685 were added to the study later; and sorghum, the 
second crop grown on the other soils, was the first crop grown on these soils. 

Crops grown 

The crops grown, in the order of their succession, were corn, sorghum, 
and barley. Barley and soighum are known to be sensitive to soil acidity, 
whereas corn is usually considered fairly acid resistant. The com was planted 
May 26, 1928, and harvested July 4. Sorghum was planted August 1, 1928, 
and harvested when the crop was mature, October 4. Barley was planted 
November 24, 1928, and harvested in May, 1929. With corn and sorghum 
three stalks were grown in each pot, whereas with barley five plants were 
grown in each pot. 


Fertilizer treatment of the soils 

It seemed best in this study to fertilize all the soils with phosphorus, nitrogen, 
and potash so that they might be removed as limiting factors and also that any 
indirect effects of soil reaction on the availability of these elements might be 
decreased. Before the planting of each crop, the soils were thoroughly mixed 
with the fertilizer. The phosphate fertilizer was applied for each crop at the 
rate of 160 pounds of P 2 O 6 for each acre of 2,000,000 pounds of soil. For the 
corn crop this was in the form of superphosphate; for the other two crops mono- 
calcium phosphate was used as the source of phosphorus. The potassium 
fertilizer was used in the form of potassium nitrate at the rate of 100 pounds an 
acre for corn and barley, and 135 pounds an acre for sorghum. 

In order to prevent the accumulation of large amounts of soluble salts, most 
of the nitrogen fertilizer was applied at various times during the growing period 
rather than all at planting time. The amounts and kinds of nitrogen fertilizers 
applied to each crop are given in table 2. In order to maintain the soils at the 
desired reactions, a combination of nitrogenous fertilizers that should have no 
effect on the soil reaction was used (32). This was a combination of physiolog- 
ically basic nitrogen fertilizer with an acidic fertilizer, ammonium nitrate, in 
the proportion of two parts of nitrogen in the former and three parts in the lat- 
ter. Since after the calculated acid treatment, a few of the soils did not have 
pH values as low as was desired, these received a greater proportion of their 
nitrogen in the form of acidic sources, as is shown in table 2. The soils upon 
which plants showed very poor growth or decided acid injury did not receive 
the additional nitrogen fertilizers applied during the growing period. For the 
sorghum crop these were pots 3 and 4 of series 672 and 678, pots 3 to 6 inclusive 
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of soil 684, and pots 3 to 8 inclusive of soil 675. For barley the following pots 
received only one-third as much nitrogen after planting as is indicated in table 
2 : pots 3 and 4 of soils 672, 675, 678, and 680; and pots 5 and 6 of soil 675. This 
was thought necessary in order to prevent the accumulation of excess soluble 
salts which would be likely to accentuate the injury to the plants. 


TABLE 2 

The afnounts and forms of nitrogen applied for the various crops 
(In pounds for each 2,000,000 pounds of soil) 



AMOUNTS OF NTTROCF.N APPLIF.D IN DIFFERENT FORMS 

SOILS NUMBER 

At planting 

During growing period 

ToUl 


K \04 

1 NHiNO* 

ra(NO*)j 

1 NaNO, 

1 NHiNO. 

(NH4)»S0« 

For corn 

All but Nos. 670, 673, 

13 8 


36.2 


50 


100 

and 679 

Nos. 670, 673, and 679 

13 8 


11.2 


75 

40 

140 


For sorghum 


All except Nos. 670, 

18 7 

28 0 


33.3 

50 0 


130 

673, 676, and 679 

Nos. 670, 673, 676, and 

18.7 

71 3 




40.0 

130 

679 








For barley 

All soils 

1 1-^8 

20 7 

! 

36 0 

54 0 


125 


Soil stttdks 

Soil studies consisted of the following: determination of the hydrogen-ion 
concentration of the soil from each pot taken before and after harvesting each 
crop; determination of aluminum, phosphorus, calcium, potassium, and man- 
ganese in the displaced soil solution from each pot obtained after the growth of 
corn and before fertilizing for sorghum; and determinations of the percentage 
base saturation of the soils sampled after the growth of corn and before dis- 
placing the soil solution. The soil solutions were obtained by the displacement 
method (27). For this purpose about 2,0()0 gm. of soil was used from each pot. 
After displacement, the soils were put back into their respective pots, allow^ed 
to dry partially, and then mixed thoroughly with the soil left in the pots. 

Chemical methods 

The hydrogen-ion concentration of the soils was determined by the “dialysis 
colorimetric method” (34). When the necessary precautions were taken, this 
method was shown to give accurate results (33). 
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The percentage base saturation values of the soils were based on the deter- 
minations of exchangeable hydrogen according to Parker^s (28) barium acetate 
method and on the determinations of total exchange capacity according to the 
Ba(C 2 H 302 ) 2 -NH 4 Cl method (28). 

The phosphate content of the soil solution was determined by the blue colori- 
metric method (29); potassium by the cobalt nitrite colorimetric method as 
modified by Tidmore (41); and calcium and manganese were determined by 
the standard methods. 

The aluminum content of the soil solution was determined by the “aluminon” 
method recently proposed by Yoe and Hill (47). After a thorough examina- 
tion of the method and the adoption of a few slight changes, it was found to be 
satisfactory. The changes included: the addition of 2 cc. of a 20 per cent 
ammonium chloride solution before precipitating the iron and aluminum in 
order to make the separation more complete, the use of a series of standards 
in which the color is developed at the same time as in the unknown solution, 
the taking of readings between 20 and 30 minutes after developing the color. 
It was found that if a longer time than this is allowed, the color in the unknown 
solutions w^hich have been subjected to the procedure for removal of the iron, 
fades more quickly than does that of the standards. The recovery of alumi- 
num when added in concentrations of 0.5, 1.0, and 2.0 p.p.m. averaged about 97 
per cent. Iron, if not precipitated, was found to interfere even when present in 
concentrations of only one-fourth that of aluminum. However, by removal of 
the iron, according to Yoe and Hill, good recoveries of aluminum were obtained 
even w^hen iron w^as originally present in equal concentrations. Although most 
of the soil solutions analyzed apparently contained very little iron, as indicated 
by the color of the precipitate, the procedure for removal of iron was employed 
in all cases. A comparison of the “aluminon’^ method with the gravimetric 
method of Lundell and Knowles (19) gave the following results on an acid soil 
extract: “AJuminon method,'^ 3.2 p.p.m.; gravimetric method, 2.9 p.p.m. 

EXPERIMfiNTAL DATA 

In the presentation of these data a brief description of the characteristic plant 
injury noted from soil acidity is first given. The data for each of the various 
factors of soil acidity in its relation to plant growth are then presented in the 
following order: hydrogen-ion concentration, aluminum toxicity, jxitassium- 
calcium ratio in the soil solution, and percentage base saturation. As far as 
possible, the various factors will be considered in relation to one another. For 
this purpose a summary table (table 6) was prepared, to which references are 
made throughout the paper. 

In this study the yields of sorghum are no doubt the most valuable in indicat- 
ing the effect of the various factors of soil acidity on [ilant growth, for more soils 
can be compared, and the depressions in yields are much more pronounced 
than with corn. The yields of barley were also markedly depressed by acidity, 
but since the determination upon which the data in table 6 are based were made 
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on the soil before the sorghum crop was planted, some of these values may not 
hold very strictly for the soil at the time the barley crop was growing. More- 
over, the barley crop did not make as vigorous and normal growth as did the 
sorghum. These facts should be kept in mind in the following discussion. 


TABLE 3 

Notes on the early growth of sorghum as affected by soil acidity 


SOIL 

NUUBEK 

TNJl'UY TO 
S1> FDLINOS 

1 WFEK OLD 

RFLATIVi: CKOWTU, BASED ON 100, 
FOB 1*L\NTS IN POTS 0 \N1) 10 
(PLANTS 2 J DAYS OLD) 

NOTES ON XPPKAKANCE AND EXTENT OF INJUPY 
WHEN PL\NTS WLRL 23 DAYS OLD 


(BSf POTS) 

Pots 

1--2 

Pots 

.s~4 

Pots 

5-6 

Pots 

7-8 



* 

4c 

4c 



671 

1, 2, 3, 4 

15 

25 

30 

1 

1 


Plants in pots 1 and 2 are chlorotic but less 
so than some of the plants in soils 672, 
674, and 675. A slight blotching with 
reddish browji spots on leaves in pots 3 
and 4 

072 

3,4 

! 

100 

20 

40 

100 

Plants in pots 3 and 4 are very chlorotic. 
Yellow stripes along veins of leaves, with 
some reddish brown mottling. Leaves 
of these plants have wilted appearance. 
Plants in pots 5 and 6 less injured than 
those in pots 3 and 4 

674 j 

3,4 

100 

1 

40 

QO 

100 

Leaves of plants in pots 3 and 4 are chlo- 
rotic, striped, and mottled as are those 
described from soil 672. Some mottling 
in plants of pots 5 and 6 

675 

i 

3, 4, 3, 6 

100 

5 ’ 

5 

20 

Plants in pots 3 to 0 are very chlorotic. 
Leaves arc turning brown at tips, other- 
wise similar to plants in soil 672. Plants 
in pots 7 and 8 slightly chlorotic 

678 1 

.3,4 

100 

20 

100 

1 

! 100 

1 

Plants in pots ^ and 4 have pale green or 
mottled appearance, but are not wilted 
in appearance or mottled as arc those of 
plants in soil 672, 674, and 675 

680 

3,4 

100 

! 

90 

100 

100 

Plants in pots 3 and 4 are slightly chlorotic, 
striped, and blotched in appearance 
along the edges of the leaves 

684 


100 

50 

60 

100 

Plants in pots 3 to 6, although chlorotic, do 
not show the mottled appearance as do 
those in soils 672, etc. 

685 


100 

30 

100 

100 

Plants in pots 3 and 4 are beginning to 
show distinct yellowing and blotching 


Plants in pots 3, 4, 5, and 6 of soil 679 showed injur>" when 1 week old, but this injury 
was overcome later. The plants grown in all the other soils not included in this table did 
not show injury and were apparently making good growth (see also tables 4, 5, and 6). 

* Based on pots 7 and 8 as 100. 
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Characteristics of the plant injury from soil acidity 

Plant injury on acid soils is indicated not only by the total yields obtained 
but also by the appearance of the plants at early stages of growth. In these 
experiments, the plants grown on some of the acid soDs first showed injury 
from acidity not in growth, but in the appearance of the leaves. With corn 
the characteristic injury to the seedlings was noted when they were less than 1 
week old. The plants were just as tall as those grown on the less acid soils, 
but there was present a yellowing of the leaves in stripes between the veins. 
In extreme cases of injury a large part of the leaf had this light yellow color. 
As the plants grew older, the injury to tbe leaves disappeared and the new 
leaves were normal except in extreme cases of injury. In some cases the stria- 
tion persisted for several weeks without apparent injury to growth. 

Notes were also made of the appearance of the sorghum plants and of their 
relative growth during the early growing period. A brief summary of these 
is given in table 3. As in the case of corn, the seedlings grown on some of the 
most acid soils had the characteristic loss of chlorophyll in stripes between the 
veins when they were only 5 to 6 days old. The plants showing this abnormal 
condition are indicated in table 3. During the second week of growth slight 
differences in the size of the plants began to be apparent. The relative growth 
of the plants grown on each soil was estimated when they were 23 days old. It 
will be noted that the relative growth of the plants showing acidity injury, as 
compared with the plants grown on the limed soils, was in some cases much 
more than is shown in the final yields. This indicates, as was also observed for 
the corn and barley crops, that injury to growth in the early stages of growth is 
sometimes largely overcome in the later stages. Yields at maturity, then, may 
not alw^ays truly represent the extent of the injury. In the field where condi- 
tions for growth may be less favorable this early injury would likely have a 
greater influence on the final yields than under greenhouse conditions. 

The acidity injury to barley was also evident in the appearance of the leaves 
when the plants were very small. The injury was first seen as small yellowish 
to brown spots and stripes on the leaves especially near their tips. Then the 
tips of the leaves dried up entirely. As with the other crops, tlie injury tended 
to disappear as the plants got older. Whether or not the cause of this early 
injury is the same as that which caused a reduction in total growth is not 
known. It is probable that as the plants get older they establish a better root 
system and are thus able to withstand greater degrees of acidity. 

The hydrogenrion concentration of soils as a factor in plant growth 

Various lines of evidence have already been mentioned which suggest that 
the hydrogen-ion concentration of soils cannot be considered a direct or primary 
factor in causing poor plant growth on acid soils. In some preliminary studies 
by the writer in relation to the development of soil acidity by the continued 
use of acidic nitrogen fertilizers, it was found that one of tiie soils studied pro- 
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duced just as good yields of sorghum at pH 4.60 as at any higher pH value; 
whereas with another soil the sorghum plants showed definite injury and 
marked reduction in growth as the hydrogen-ion concentration was reduced 

TABLE 4 


The relation between E-ion concentration of soils and plant growth 


SOIL 

POT 

NUMBER 

pH 

VALUE OF 
SOILS 
(bepcjse 
ccjrn) 

YIELDS 

OF CORN 

pH 

VALUE OF 
SOIL 

(before 

sorohum) 

YIELDS OF 
SORGHUM 

pH 

VALUE of 
SOILS 

(before 

barley) 

YIELDS OF 
BARLEY 

pH 

VALUE OF 

1 SOILS 

(after 

barley) 




Sm. 


«m. 


gm. 




1-2 

5.20 

18.7 

5.20 

52.8 

5.00 

20 8 

5.03 

670 


3-4 

4 83 

25.9 

4.75 

62.8 

4 60 

20.1 

4.55 

Grundy silt - 

1 

5-6 

4.98 

23.9 

4.85 

62.0 

4.73 

17.6 

4.75 

loam 


7-8 

5 08 

21,3 

4 98 

61.0 

4.83 

20.1 

4.78 



9-10 

6 60 

17 6 

6 40 

55.6 

6.03 

21.5 

5.98 



1-2 

4.58 

11 1 

4 43 

10 0 

4.43 

12 6 

4 43 



3-4 

4 63 

9 6 

4 60 

25 6 

4.60 

17.0 

4.55 

Cory silt ^ 


5-6 

4 90 

17 5 

4.85 

31.6 

4.80 

18.3 

4.78 



7-8 

6 18 

19 4 

6 00 

46.6 

6.00 

21.6 

5.88 



1-2 

5 88 

17.9 

5.60 

29-2 

5.78 

17.7 

5.75 

672 


.3-4 

4.80 

14 3 

4 80 

5 2 

4 80 

6 5 

4.78 

Cecil sandy i 


5-6 

5 13 

16 9 

4 93 

23.9 

5.08 

13 4 

5.03 

loam 


7-8 

5 25 

10 8 

5.08 

32.4 

5.30 

25.5 

5.10 



9-10 

6 63 

15.7 

6 50 

30.6 

6.35 

18.8 

6.15 

i 


1-2 

6.60 

25 2 

5 80 

50 9 

5 65 

25.2 

5.78 

673 


3-4 

5 00 ! 

30.4 

4.60 

49.3 

4 60 

22 5 

4.80 

Delta light ^ 


5-6 

5,23 ! 

33.1 

4.78 

51.7 

4.75 ! 

20 4 

4 88 

silt loam 


7-8 1 

5.50 

35.0 

4.85 

49.7 

4.83 i 

20 7 

4.98 


J 

1 

9-10 ! 

6.83 

27,0 

6.55 

48.7 

5.95 

19.3 

6.00 



1-2 

6 15 

13.5 

5.80 

27.9 

5.8.3 

17.8 

5 83 

674 


3-4 

4.73 

11 6 

4.75 ; 

19.2 

4.80 

7.1 

! 4 83 

Cecil clay i 


5-6 

4 83 

14,3 

4.85 

26.3 

4.95 

10 0 

4.93 

loam 


7-8 

4 98 

IS 7 

4.95 

32 1 

5.05 

16.8 

5.05 



9-10 

6,80 j 

13.3 

6.78 

23.1 

6.60 

19.0 

6.63 



1-2 

5 60 

12.9 

5.40 

20.6 

5 60 

9.1 

5 63 

675 


3-4 

4,73 

5.1 

4.75 

0.4 

4 75 

1.3 

5.05 

Norfolk 


5-6 

4.90 

8.6 

4 93 

0.7 

4.90 

1.1 

5.10 

sandy loam 


7-8 

5. OS 

11.4 

5.03 

6.8 

5.18 

11.9 

5.15 



9-10 

6.58 

13.5 

6.43 

26.9 

6.20 

14 2 

6.10 



1-2 

5.63 

20 0 

5.53 

50 5 

5.43 

20.6 

5.45 

676 


3-4 

4.70 

15.5 

4.80 

41.3 

4.60 

9.8 

4.63 

Colby silt ^ 


5-6 

5.00 

17.6 

4 95 

39.1 

4.80 

15,8 

4.78 

loam 


7-8 

5,15 

14.2 

5.05 

47.4 

4.95 

20.2 

4.95 



9-10 

6 68 

20 3 

6.58 

52 3 

6.28 

21.4 

6.28 
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TABLE 4-Cnncluded 


SOIL 

POT 

NUMBER 

pH 

VALUE OF 
SOILS 
(BEFORE 
CORN) 

YIELDS 
OP CORN 

678 

Cecil clay 

1-2 
S’A \ 
5-6 ! 
7-8 ! 
9-10 

5.43 
4.58 1 
4.75 

4 88 
6.60 

gm. 

11 0 

3 4 
9.7 
11.3 
9.3 

679 

Miami silt ^ 
loam 

1-2 

5-6 

7-8 

9-10 

5 85 
5.15 
5.40 
5.45 
6.65 

29 0 

29 6 

30.7 . 

26.7 

29 1 

680 
Greenville 
fine sandy 
loam 

1-2 

3-4 

5-6 

7-8 

9-10 

5.40 

4 85 

4 98 

5 20 
6.65 

17 3 
16.2 
18.7 
18.1 
17.9 

683 

Susquehanna 
fine sandy 
loam 

1-2 

3-4 

5-6 

7-8 

9-10 


i 

684 

Norfolk 
sandy loam 

1-2 

3-4 

5-6 

7-8 

9-10 



685 
Greenville 
sandy loam 

1-2 

3-4 

5-6 

7-8 

9-10 


1 


pH 

VALUE OF 
SOIL 
(BEFORE 

sorgbum) 

YIELDS OF 
SORGHUM 

pH 

VALirE OF 
SOILS 
(BEFORE 

barley) 

YIELDS OF 
BARLEY 

pH 

value of 

SOILS 

(after 

barley) 

5.38 

rm. 

23.3 

5.38 

gm. 

18.9 

5.38 

4.45 

0.7 

4.43 

3.4 

4.50 

4 80 

19 8 

4.63 

15.9 

4.58 

4 93 

22.8 

4 98 


4.80 

6.50 

23.6 

6.35 

19.7 

6.25 

5.40 

58.7 

5.50 

21.7 

5.53 

4.93 

50.3 

4 63 

16.3 

4 58 

5.03 

51.5 

4.80 


4 73 

5 03 

57.5 

4.93 

22.5 

4.85 

6.45 

57.6 

6.20 

24.2 

6 08 


30.6 

5.40 

19 5 

5 38 

4 75 

26 8 

4 65 

3 1 

4 73 

4 80 

27.5 

4 78 

18 8 

4.78 

4.95 

27 6 

4 88 

19 6 

5 00 

6.40 

34.8 

6.35 

17.9 

6 10 

5.40 

34.6 

1 5.35 

19 2 


4 80 

28 4 

1 4 65 

13.5 

4.68 

4 85 

28.5 

1 4 88 

17 1 

4.73 

5 00 

29 9 

> 5.18 

21 3 

4.90 


35.2 


21.3 

5 95 

5.35 

17 1 


15.7 

5.20 

4.78 

2 1 

4 60 

13.2 

4 70 

4 83 

7.2 

4 78 

13 3 

5 03 

4 95 

17 6 

5 40 

16 3 

5 33 

6.40 

19.1 

6.40 

15.1 

6 40 

5 48 

29 3 

5.80 

15 1 

5.68 

4.95 

13.6 

4 95 

13 5 

4 83 


22.1 


15 6 

5 10 

5 15 

24 0 


16 5 

5 10 

6.48 

23.7 

6 40 

11 6 

6.40 


to pH 5.0 or below. The data presented in this investigation substantiate 
these earlier results. 

In table 4 are given the yields of corn, sorghum, and barley grown on the 
different soils each maintained at five degrees of reaction The pH values of 
the soils before and after the growth of each crop are also given. It may first 
be noted that corn grew fairly well on many of the soils at low pH values, 
whereas sorghum and barley showed much greater injury from acidity. Even 
in the case of corn, however, some differences were obtained in the hydrogen-ion 
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concentration at which plant growth was materially reduced on the different 
soils. For example, soil 675, at pH 4.75 to 4.90 produced very poor yields of 
corn, whereas most of the other soils produced good yields at these pH values; 
in fact, soils 670, 673, and 679 gave the greatest yields at the most acid reactions. 

If the yields of sorghum are considered, it will be noted that the critical 
hydrogen-ion concentration varies considerably with the different soils. For 
example, no depression in yields was obtained wdth soil 670 even at reactions, 
as low as pH 4.60 to pH 4.75, and practically no depression in yields on soil 
673 when as low as pH 4.60; whereas on soil 672 the yield at pH 4.80 was less 
than 20 per cent of that obtained at higher pH values, and on soil 675 even at 
pH values slightly above 5.0 the yield was only about 25 per cent of that ob- 
tained at pH 6.58. The lack of correlation between hydrogen-ion concentra- 
tion and plant injury is further shown in table 6. At the uniform pH value of 
4.80, it will be noted that the average relative yields of the three crops ranged 
from 19 to 98 per cent of that obtained from the best culture of the respective 
series. Similar results are seen to obtain with the grow-th of barley. 

It is thus evident that the hydrogen-ion concentration of soils cannot be 
considered the controlling factor in determining the growth of plants on acid 
soils. These data also show the false conclusions that may be drawn when work- 
ing on a problem of this nature with only a limited number of soils, especially if 
these soils are of similar origin. If in this study only certain of these soils had 
been used, the results might have indicated a close correlation between the 
hydrogen-ion concentration and plant growth. It seems probable that one of 
the reasons for the good correlation obtained by various investigators between 
hydrogen-ion concentration and plant growth is that they worked with only 
few soils or with soils of very similar origin. Under such conditions it is prob- 
able that the hydrogen-ion concentration is correlated with or influences other 
factors which may directly affect growth, (6, 14, 18, 23, 44). 

The relation of the concentration of aluminum and other elements in the soil 
solution to plant growth on acid soils 

Many of the investigations on the toxic effect of aluminum on plant growth 
have been conducted in culture solutions. The limited amount of work carried 
out with soils has been with relatively few soils, and under such conditions that 
it has been difficult to isolate the aluminum factor from other factors generally 
associated with it. If aluminum is the main factor in determining plant injury 
on acid soils, one would expect to find a relationship between the amounts of 
aluminum in the displaced soil solution and plant grow’^th. In the fourth 
column of table 5 are given the data for the concentrations of aluminum in the 
displaced soil solutions of the various soils at different pH values. It wdll be 
noted that the concentrations of aluminum in the soil solutions are in most 
cases very small even at low pH values. This is in accord with some results by 
Magistad (23). As was to be expected it was found that the greater the hydro- 
gen-ion concentration of a particular soil, the greater is the concentration of 
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aluminum in its displaced soil solution. When the different soils are compared, 
however, it will be observed that the aluminum concentration in their displaced 

TABLE s 


The concentration oj aluminum and other elements in the soil solution and the percentage hose 
saturation of soils as related to the yield of sorghum 


SOIL 

POT 

NUMBER 

H-ion 

CONCEN- 

TRATION 

CONCENTRATION IN THE DISPLACED 
SOIL SOLUTION 

K/Ca 

IN SOIL 
SOLU- 
TION 

PERCENT- 

AGE 

BASE 

SATURA- 

TION 

YIELD 

OF 

SORGHUM 

A1 

PO4 

Ca 

K 



PB 

p.p.m. 

p.p.m. 

p.p.m. 

p.p.m. 



gm. 


1-2 

5.20 

T 

0.68 

522 

10.4 


63.2 

52.8 

670 

3-4 

4 75 

T 


516 

14.6 

0 028 

56 7 

62.8 

Grundy silt ^ 

5-6 

4 85 

T 

0.56 

510 

12 8 

0 025 

58.6 

62 0 

loam 

7-8 

4 98 

T 

0 72 

688 

12.8 

0.019 

60.5 

61 0 


9-10 

6.40 

T 

0.52 


9 1 


89.3 

55.6 

A71 

1-2 

4.43 

5.7 

0.27 

308 

26.4 


14.3 

10.0 

0/ 1 

3-4 

4,60 

2.7 

0.12 

616 

27,4 

0 044 

29.1 

25 6 

Cory silt * 

5-6 

4.85 

0 8 

0 17 

538 

19.6 

0.036 

32.3 

31.6 

loam 

7-8 

6.00 

T 

0 24 


14.2 

0.017 

73.6 

46.6 

{ 

1-2 

5.60 

T 

0 24 

538 

29.6 

0 055 

39.1 

29 2 

c^ 

to 

3-4 

4.80 

1.1 

0.14 

444 

63 8 

0.144 

10.0 

5.2 

Cecil sandy ^ 

5-^ 

4 93 

0.5 

0 17 

538 

34.2 

0.063 

18.2 

23.9 

loam 

7-8 

5 08 

T 

0.20 

544 

39.2 

0.072 

22.7 

32 4 


9-10 

6.50 

T 

0.24 

548 

27 4 

0.059 

69.1 

30 6 


1-2 

5.80 

T 


782 

34.2 

0.043 


50 9 

673 

3-4 

4.60 

1 0 

6.80 

678 

41 0 

0.060 

71.3 

49 3 

Delta light ' 

5-6 

4.78 

0.4 

8 80 

646 

38 8 

0.060 

76 6 

51 7 

silt loam 

7—8 

4.85 

T 

■jjiji 

774 

39.9 

0 051 

77.7 

49 7 


9-10 

6 55 

T 


964 

32.9 

0.034 

93 1 

48 8 


1-2 

5,80 

T 


364 

25 1 

0.069 

51.5 

27.9 

674 

3-4 

4 75 

0 4 


316 

38 8 

0 122 

2 1 

19 2 

Cecil clay ^ 

5-6 

4.85 

T 

0.07 

290 

31.3 

0 108 

10 3 

26 3 

loam 

7-8 

4.95 

T 

0 13 

306 

24 0 

0 078 

20 6 

32 1 


9-10 

6.78 

T 

0.06 

470 

21.7 

0 046 

81 4 

23.1 


1-2 

5.40 

T 

1.36 

880 

68 4 




675 

3-4 

4.75 

3.7 

0 88 


257 0 

0 361 

7 1 

0 4 

Norfolk ^ 

5-6 

4.93 

1.6 

1.02 


149.4 

0.274 

12.6 

0.7 

sandy loam 

7-8 

5.03 

0.8 

1.18 


86.7 

0.108 


6 8 


9-10 

1 6.43 

T 

1.38 


68.4 


55.2 

26.9 


1-2 

5.53 

T 

0.17 


13.5 


54.4 

50.5 

676 

3-4 

4.80 

1.1 

0.16 

424 

41.6 

0.098 

31.5 

41.3 

Colby silt ■ 

5-6 

4.95 

0.4 

0.16 

538 

17.3 


35.2 


loam 

7-:8 

5.05 

' T 

0.18 

564 

14.4 


39 0 

47.4 


9-10 

6.58 

T 

0.15 

904 



78 9 

52.3 
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TABLE 5 — Concluded 


SOIL 

POT 

NUMBER 

1 H'ION 
j conci:n- 
TRATION 

1 

i . .. ... 

CONCENTRATION IN THE DISPLACED 
SOIL SOLUITON 

K/Ca 

IN SOIL 
SOLU- 
TION 

PERCENT- 

ACE 

BASE 

SATURA- 

TION 

YIELD 

OF 

SORGHUM 

A1 

PO 4 

Ca 

K 



! pn 

ppm. 

ppm. 

p.pm 

ppm 



gm. 



1-2 

5 

40 

T 

1.60 

640 

22 8 

0 035 

60.7 

58 7 

679 


3-4 

4 

93 

T 

1 10 1 

420 

51.3 

0.124 

47.4 

50.3 

Miami silt ^ 


5-6 

5 

03 

T 

1 40 

790 

27 4 

0.034 

49 4 

51.5 

loam 

1 

7-8 

5 

03 

T 

1 64 

883 

21 7 

0.024 

52 0 

57.5 


i 

9-10 

0 

45 

T 

1 16 

892 

16 0 

0.018 

81 1 

57.6 

680 

[ 

i 

1-2 

5 

30 

T 

0.31 

376 

22.8 

1 

0 060 

26 8 

30.6 


! 

3-4 

4 

75 1 

0.4 

0 21 

254 

29 6 

0.116 

16 8 

26.8 


1 

5-6 

4 

80 i 

0 5 

0 25 

388 

27 4 

0 071 

18 2 

27 4 

loam 

1 

i 

7-8 

4 

95 

T 1 

0 27 

388 

26.3 

0 068 

20.4 

27 6 

[ 

9-10 

6 

40 

T 

0 29 

568 

21.7 

0 038 ! 

68 5 

34 8 



1-2 

5 

40 

T 

0 98 

280 

68 4 

0 244 

45.7 

34.6 

683 


3-4 i 

4 

80 

2 2 

1 00 

344 

88 4 

0.257 

28 4 

28.4 

Susquchnana j 

1 

5-6 

4 

85 

1 4 

1 04 

374 

85 5 

0 228 

36.5 

28 5 

hne sand 

1 

1 

7-8 

5 

00 

0 9 

0 90 

380 

71 3 

0 187 

41 5 

29 9 

! 

1 

9-10 

6 

20 

T 

0 91 

470 

57 0 

1 

0 121 

68 6 

35 2 

1 

f 1-2 

5 

35 

T 

0 15 

368 

1 71 3 

0 193 

34 3 

17 1 

684 i 

3-4 

4 

78 

1 4 

0 10 

230 

114 0 

0 495 

17 7 

2.1 

Norfolk 


5-6 

4 

83 

1 0 

0 10 

268 

88 4 

0 329 

22.3 

7 2 

sandy loam 


7-8 

4 

95 

0 8 

0 15 

372 

65 6 

0 176 

31 0 

17.6 


1 

1 9-10 

I 

6 

40 

T 

0 16 

468 

50 6 

0 108 

72 0 : 

19 1 


f 

i 1-2 

5 

48 

T 

0 44 

326 

74.1 

0 227 

i 

57 1 i 

29 3 

685 


' 3-4 

4 

95 j 

0 7 

0 33 1 

204 ! 

125.4 ! 

0 614 

35.6 i 

13 6 

Greenville 


1 5-0 

5 

(K) 

0 9 

0.41 

246 

91 2 

0 370 

42 9 

22 1 

sandy loam 


i 7-8 

5 

15 

0 9 

0 41 

336 

57 0 

0 169 

49 8 

24.0 



9-10 

6.48 1 

T 

0 44 

388 

45 6 

0 117 

82 8 i 

23 7 


solutions at similar pH values varied considerably. Soil 670, for example, 
contained no aluminum in solution even at a pH value as low as 4.75; whereas 
soil 675 contained 3.7 p.p.m. at this pH value and 0.8 p.p.m. at pH 5.03. At 
pH 4.60 soil 673 contained 1.0 p.p.m. of aluminum, w^hereas soil 671 at a similar 
pH value contained nearly three times this concentration. At the uniform pH 
value of 4.80 it will be noted (table 6) that the concentration of aluminum in the 
displaced solution of the \^rious soils ranged from zero with three of the soils 
to 3.1 p.p.m. with soil 675. These differences can probably be explained, in 
view of the recent interesting work by Joffe and McLean (15), by differences in 
the kind of anions present in solution. These investigators found aluminum to 
be soluble at considerably lower degrees of acidity as the nitrate or chloride 
than as the sulfate or phosphate. 

From the yield data given in table 4, and the aluminum data of table 5, it is 
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possible to study the relation between the concentration of aluminum in solu- 
tion and the yields of the various crops. If corn is first considered, it will be 
observed that some relationship seems to exist. This can also be seen from 
summary table 6. For example, soil 675, which contained the highest concen- 
tration of aluminum at pH 4.80, also showed the greatest injury to plant growth 
whereas soils 671, 672, and 676, having the next highest concentrations of alumi- 
num, showed the next greatest injury. It will be noted, however, that these 
last three soils which have the same concentration of aluminum, show consider- 
able difference in the extent of the injury to plant growth. It will also be noted 

TABLE 6 

Summarized data showing the relation between plant growth at pH 4.80 and percentage base 
saturalumy aluminum concentration, and the KjCa ratio in the soil solution all calculated for 

the same reaction 


!;oii 

A1 IN 

DISPLACED 
SOIL j 

SOLUTION 

K/Ca EATio 
IN SOIL 
SOLUTION 

BASE 

SATUBA- 

TION 

OF SOIL 

CBOWTH OF 
coim 

GBOWTH OP 
SORGHUM 

GROWTH OF 
BARLEV 

AVERAGE* 

RELATIVE 

YIELDS 

FOR 

THE THREE 
CROPS 

Injury in early 
growth 

Relative yields 

s 

•sa 

bS 

.2.6, 

B 

**> 

2 

"S 

•s 

1 

Injury in early 
growth 

Relative yields 


ppm. 


ptr cent 








670 

None 

0.027 

57 

No 

100 

No 

100 

No 

94 

98 

671 

1.1 

0 038 

32 

Yes 

62 

Yes 

66 

No 

84 

71 

672 

1.1 

0 114 

10 

Yes 

80 

Yes 

16 

Yes 

25 

40 

673 



77 

No 

87 

No 

100 

No 

83 

90 

674 

None 

0 115 

6 

No 

84 

Yes 

65 

Yes 

37 

62 

675 

3.1 


9 

Yes 

47 

Yes 

2 

Yes 

9 

19 

676 

1.1 


32 

No 

79 

Slight 

76 

Yes 

74 

76 

678 

Not de- 

Not de- 

20 

No ! 

87 

No 

89 

No 

100 

92 


termined 

termined 

i 








679 

None 


43 



Very 

86 

Yes 

84 

85 







slight 






0 5 


18 

No 

87 

No 

79 

Yes 

96 

87 

683 

2.2 

0.257 

28 



! No 

81 

Yes 

80 

81 

684 

1.2 

1 0.354 

20 



Yes 

37 

i Yes 

1 81 

59 


* Based on yield of best treatment of each series as 100. 


that soil 673 at pH 4.60 showed no depression in yield when it contained 1.0 
p.p.m. of aluminum in solution. The soils with little or no aluminum in solu- 
tion gave very little depression in yield of com at pH 4.80. 

As previously mentioned, the yields of sorghum are probably the most.signifi- 
cant ones obtained in this study. With this crop there is less correlation be- 
tween the amounts of aluminum in solution and the yields. Although in general 
a correlation seems to exist, there are marked discrepancies. For example, the 
yield of sorghum in pots 3 and 4 of soil 672 containing 1.1 p.p.m. aluminum was 
only about 16 per cent of that obtained at pH 6.50, whereas that on soil 673 at 
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an even lower pH value but with practically the same amount of aluminum in 
solution was just as good as at pH 6.50. A comparison of the results obtained 
from soil 675 and 683 is also significant in this respect. These are two sandy 
coastal plain soils, and both have considerable amounts of aluminum in solution. 
Soil 675 shows very marked injury to the growth of sorghum with as low as 
0.8 p.p.m. aluminum, whereas soil 683 with 2.2 p.p.m. and a more acid 
reaction gave very little depression in yields as compared with the growth at pH 
6.50. Other examples of the lack of correlation between yield of sorghum and 
the concentration of aluminum in the displaced solution are shown in table 6. 

The yields of barley, like those of sorghum, show less correlation with the 
concentration of aluminum in the displaced solution of these soils, than does 
corn. 

Again it may be pointed out, as was done for the pH data, that if onh’^ one or a 
few of the soils of the same origin are considered, a correlation seems to exist; 
plant growth, in general, decreases as the amount of aluminum in solution 
increases. 

In order to see whether the aluminum concentration in the soil solution, ob- 
tained before the sorghum was planted, remained about constant, the soil solu- 
tions of a few of the soils were displaced after removal of the crop and their 
aluminum concentration was determined. Concentrations of 0.9, 1.3, 1.5, 2.7, 
and 0.6 p.p.m. aluminum were obtained from cultures 3 and 4 of soils 672, 673, 
676, 683, and 685. The corresiX)nding values obtained before sorghum w'as 
planted were 1,1, 1.0, 1.1, 2.2, and 0.7. Thus it appears that the concentration 
of aluminum in the displaced solution of these soils remained quite constant 
during the growth of the sorghum crop. 

The question might be raised as to whether aluminum was present in true 
solution. Although lime did not permit a study of this question it would seem 
from the results obtained by Magistad (23) and by McGeorge (20) that the 
aluminum found in Uie displaced solution of soils is in true solution. No indi- 
cation of colloidal material could be seen in the soil solutions obtained in this 
study. 

It might also be argued that the concentration of aluminum in the soil solu- 
tion required to be injurious to the growth of crops depends on other factors 
such as, for example, the concentration of other ions in solution. Burgess and 
Pember (8), as a result of their studies, concluded that in the presence of large 
amounts of phosphate, large amounts of aluminum may be absorbed by plants 
without affecting the growth. If aluminum is the toxic factor and is rendered 
less toxic ])y the presence of phosphate, it might be expected that those soils of 
the present study with high concentrations of phosphate in the soil solution 
would show little injur}' at high degrees of acidity even with considerable alumi- 
num present. As will be seen from table 5, this might explain the fact that a 
concentration of 1.0 p.p.m. of aluminum failed to be injurious to sorghum on 
soil 673, for this soil has a very high concentration of phosphorus in its displaced 
solution. The data for the other soils, however, fail to support this viewpoint. 



198 


W. H. PIERRE 


For example, comparisons of soil 672 with 676 and of soil 675 with 683 show that 
with similar concentrations of phosphorus and of aluminum in solution, the 
injury to the growth of sorghum was much more marked on soil 672 than on 676 
and also on soil 675 than on 683. 

Determinations were also made of the total phosphorus absorbed by the plant, 
since it seemed probable that the concentration of phosphate in solution did not 
determine the amount of phosphorus absorbed. Again no relation was found 
between the percentage of phosphorus in the dry plants and the concentration 
of aluminum in the soil solutions at which plants showed decreased growth. 

Comber (9) has suggested that soil organic matter may be active in reducing 
the toxic efifect of excessive aluminum in the soil solution No evidence of such 
an action, however, is obtained from the organic matter content of these soils 
as presented in table 1. It will be noted, for example, that soil 672 has a higher 
content of organic matter than soil 673, and yet soil 672 produced very decided 
injury to plant growth when containing 1.1 p.p.m. of aluminum in solution, a 
concentration at which soil 673 gave no injury. 

The investigations of McLean and Gilbert (21) with aluminum in culture 
solutions are of interest. As a result of their studies they classify corn as 
resistant, sorghum as mediumly sensitive, and barley as sensitive to aluminum. 
Olsen (26), also working in culture solutions, found that barley of all the plants 
studied was the only one to show toxicity from aluminum. It is also signif- 
icant that the concentrations of aluminum required in culture solution for 
toxicity to plant growth as found by McLean and Gilbert are considerably 
greater than those found in the displaced solution of the soils of this study on 
which plant injury from soil acidity was pronounced. These results sug- 
gest that toxicity from aluminum may be different in culture solutions than it 
is in soils, or that the concentration of aluminum required to be toxic is de- 
pendent on other factors. This is an added reason for believing that in most 
acid soils the main factor is not ^Juminum toxicity. There was some evidence 
obtained in this study for the belief that the percentage base saturation of 
soils is such a factor. This point will be considered in connection with the 
discussion of percentage base saturation of soils as affecting plant growth. 

The displaced soil solutions were also analyzed for manganese. No correla- 
tion was obtained between the concentration of manganese in solution and plant 
injury from acidity. Some of the soils showing the least injury to plants had 
the highest concentration of soluble manganese. 

The ratio of calcium to potassium in the soil solution 

Pearsall (30) in his studies of the relation between plant distribution and soil 
acidity suggested that the ratios of the various cations present in the soil solu- 
tion may be a more important criterion than is the hydrogen-ion concentration 
of the soils. Cooper and Wilson (11) have a somewhat similar opinion. Very 
few data are presented, however, in support of this idea. Salisbury (39) raised 
an objection to PearsalPs theory, namely, that the ratio of potassium to calcium 
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is not constant but varies with the soil-water ratio, and he cited results by 
Burgess to show the differences in the potassium-calcium ratio of soil extracts 
and soil solutions. In this investigation the calcium and potassium were deter- 
mined in the soil solution; so his objection would not hold. Salisbury believes, 
however, that “even if we knew the ratios in the soil solution it appears that the 
proportion in which the ions are absorbed is not determined by the proportions 
in which they occur as much as by the reaction of the medium, hence we are 
again forced back on the pH value of the soil.’^ 

In table 5 is shown the potassium-calcium ratio of the soil solutions of the 
various soils at the different pH values. It is first observed that with nearly 
every soil the ratio of potassium to calcium decreases as the hydrogen-ion con- 
centration increases. This is in accordance with the results presented by Pear- 
sall from the work of Olsen (25) on soil extracts. Among the different cultures 
of the same soil it will be observ^ed that there seems to be a relationship between 
the potassium-calcium ratio and plant growth. The point of interest, however, 
is not so much the ratios found in the soil solutions of the same soil at different 
pH values, but the ratios for different soils at similar pH values and the relation 
of these to plant growth. If such a comparison is made it becomes evident that 
at similar pH values soils differ considerably in their potassium-calcium ratio. 
This is brought out in table 6 where the ratios are given for all the soils at pH 
4.80. It will be noted that at this pH value the basic ratios vary from 0.027 
with the Grundy silt loam from Illinois to 0.339 with the Norfolk sandy loam 
from Alabama. In other words, the former soil has 2.7 per cent as much potas- 
sium as calcium in the soil solution, whereas the latter at the same pH value has 
33.9 per cent as much potassium as calcium. It will also be observed that there 
is a fair correlation between the ability of plants to grow on the soils and the 
potassium-calcium ratio. Two soils prove exceptions to a close correlation, 
soils 679 and 683. In both tliese soils a fairly narrow ratio is not accompanied 
by very poor plant growth. It is possible, however, that magnesium and so- 
dium should also be considered, and that the ratios of sodium and potas- 
sium to calcium and magnesium would show a better correlation wdth plant 
growth than does the potassium-calcium ratio. 

The percentage base saturation of soils as related to the growth of plants on 

acid soils 

The recent excellent studies in Europe and in this country on the base ex- 
change phenomena in soils have led to a better understanding of the nature of 
soil acidity. It is now generally recognized that soils are acid because of the 
presence of exchangeable hydrogen. Determinations of the total amount of 
exchangeable hydrogen of soils, however, cannot serv’^e as a measure of plant 
response to liming, because most plants can make optimum growth on soils 
that are not completely neutralized. Since, however, the exchangeable bases 
are believed to be more readily available to plants than are those in the non- 
exchangeable form and since soil acidity is believed to be related to calcium 
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deficiency, it has been propx)sed that the amount of exchangeable calcium is a 
criterion for the ability of plants to grow on acid soils. It seems to the writer, 
however, that the amount of exchangeable calcium, considered by itself, is of 
much less significance than is its consideration in relation to the exchangeable 
hydrogen present.^ If that is true, then one would expect a correlation be- 
tween the percentage base saturation of soils and plant growth on acid soils. 

The percentage base saturation of the soils used in this study was determined; 
and the values obtained were studied in relation to the growth of plants on 
these soils. The data are presented in the next to the last column of table 5. 
As is shown in a paper by Scarseth and the writer (35), the soils vary considerably 
in their percentage base saturation at similar pH values. This is well shown in 
table 6 where values are given for the soils at pH 4.80. 

There seems to be very little correlation betw^een the depression in yield of 
corn and the percentage base saturation values. Although the two soils which 
have the highest percentage base saturation are also those which give the least 
depression in yields, some soils of low percentage base saturation give very 
little depression in yields. It must be remembered, however, that with only 
tw^o of the soils was there much injury to corn from soil acidity. For this rea- 
son, the data for this crop are not very conclusive. 

Tables 5 and 6 show that with sorghum there is a better, although by no 
means perfect, correlation between the percentage base saturation of soils and 
plant growth at low pH values. The most striking example of the correlation 
is probably for soils 670 and 673. These two soils produce as good growth of 
sorghum at pH 4.7S and 4.60 respectively as at any higher pH value. For soil 
673, at least, these results cannot be explained on the basis of the concentration 
of aluminum in solution, for this soil contains as much soluble aluminum at 
pH 4.60 as do other soils which showed decided injury. It will be noted, how- 
ever, that at these low pH values these two soils are still very highly saturated 
with bases. All of the other soils w>^hich show injury to the growth of sorghum 
at similar pH values have a much lower degree of saturation. These results, no 
doubt, explain the fact that soil 670, the Grundy silt loam from the Aledo 
Experiment Field in Illinois, responds very little to liming in the field although 
its pH value is between 5.00 and 5.20. Another example of the relation be- 
tween the p)ercentage base saturation and plant growth is with soils 675 and 
683. The difference in yields of these two soils at high degrees of acidity 
could not be explained on the basis of hydrogen-ion concentration nor of alum- 
inum toxicity. On the basis of percentage base saturation, it will be noted that 
that the differences in the extent of the injury might be explained. 

The yields of barley also show that there is a better correlation between the 
depression in yields and the percentage base saturation of the soils than between 
the depression in yields and the concentration of aluminum in the displaced 
soil solutions. Again there are some exceptions to this correlation. Soils 680 
and 678, for example, produced less depression in yields of both the sorghum 
and the barley crops than would be expected from their percentage base satura- 
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tion. The lack of a better correlation, however, is not surprising. In the first 
place, small differences in yields or in the percentage base saturation values 
cannot be considered significant. Moreover, the injurious action of soil acidity 
on plant growth is undoubtedly affected by more than one factor. 

The correlation that exists between the plant injury to corn on the different 
soils and the concentration of aluminum in the soil solution, and the indi- 
cations of some correlation between the aluminum concentration and plant 
injury to sorghum and barley w-ould suggest that this is probably not incidental, 
but that soluble aluminum is at least a secondary factor in explaining plant 
injury on acid soils. Evidence for this is found in these data in the correlation 
between plant growth and a combination of aluminum concentration and 
percentage base saturation as compared with the correlation betw^een plant 
growth and either of these values alone. Where growth is better than would be 
expected from the percentage base saturation of the soil, the concentration of 
aluminum in the disp’aced solution is relatively low; whereas when the growth 
is poorer than w'ould be expected from the percentage base saturation, the con- 
centration of aluminum in tlie soil solution is relatively high. For example, soil 
675 gave a lower yield than would be expected from the percentage base satur- 
ation value as compared with soil 674, but it will be noted that it contains much 
more aluminum in its displaced solution than does soil 674. Soil 680, on the 
other hand, gave better yields at pH 4.80 than w^ould be expected from its 
percentage base saturation when compared wdth soils 671 and 676, but it con- 
tains less aluminum in solution than do the other tw^o soils. It seems, therefore, 
that the percentage base saturation at which plants are injured on acid soDs is 
affected somewhat by the concentration of aluminum in the displaced solution. 
Where the concentration of aluminum in the displaced solution is high, plant 
injury from soil acidity will occur at higher degrees of saturation than w'hen 
the concentration of aluminum is low. Because of the fact, also, that old 
weathered soils usually have a lower degree of saturation at given pH values 
than younger soils, it will be noted that in general the soils of the Piedmont 
Plateau and Coastal Plain provinces showed a greater injury from acidity at 
relatively low' concentrations of aluminum than did the other soils studied. 

GENERAL DISCUSSION 

The data presented in this paper show that the percentage base saturation 
of soils is a better criterion for the growth of sorghum and barley on acid soils 
than is hydrogen-ion concentration or soluble aluminum. It is also believed 
from a consideration of these and other data that the percentage base satura- 
tion of a soil is of more significance than is the amount of exchangeable hydro- 
gen or the amount of exchangeable calcium present. In this connection the 
following investigations are of interest. Robinson and Williams (37) found 
that some soils which gave distinct indications of acidity but did not respond to 
liming contained 0.2 per cent or more of exchangeable calcium, whereas others 
that responded to liming contained smaller amounts of exchangeable calcium. 
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They believe, therefore, that the available calcium is the important factor influ- 
encing plant response to liming on the organic soils with which they worked. 
Rost (38), however, found little correlation between the exchangeable calcium 
removed by electrodialysis and crop response to lime. 

Duley (12) ancj Fleetwood (13) determined the amount of soil calcium soluble 
in 0.04iV carbonated water. This amount of calcium, as was later shown by 
Robinson and Williams, is smaller than the amount of exchangeable calcium, 
but it bears a relationship to the exchangeable calcium. Duley and Fleetwood 
have shown that there is a relationship between the calcium soluble in carbon- 
ated water and the response of plants grown on these soils to liming. For all 
the soils studied, Fleetwood found that those having less than 650 pounds of 
calcium to the acre gave good responses, whereas those having more than 700 
pounds gave poor responses to liming. 

It hardly seems possible, however, that if soils vaiydng considerably in tex- 
ture or total exchange capacity are considered, a correlation would be obtained 
between the exchangeable or carbonate-water soluble calcium and plant re- 
sponse to liming. For example, many sandy Coastal Plain soils have a total 
exchange capacity of less than 3 mgm. equivalents per 100 gm. of soil. These 
soils at pH 6.0 are often between 50 and 60 per cent saturated with bases. 
This means that the exchangeable calcium is less than 2 mgm. equiv. And yet, 
most crops on these soils do not respond to liming. Even when they are fully 
saturated with bases, they contain less than half as much exchangeable calcium 
as some soils of a heavier texture or of greater total exchange capacity which 
are very acid and in need of lime. It seems evident, therefore, that the amount 
of calcium soluble in carbonated water or the amount of exchangeable calcium 
cannot serve as a safe indication of whether a soil needs to be limed for the 
successful growth of crops, unless these values are considered in relation to 
texture or, better still, to the total exchange capacity of soils. It is very prob- 
able that the reason Robinson and V/illiams (37) obtained correlation between 
exchangeable calcium and plant response to liming, whereas Rost (38) did not, 
is that Robinson and Williams worked with soils of much the same type, 
whereas Rost worked with soils of widely different textures and total exchange 
capacity. Some of the data obtained by Rost can probably be explained on 
the basis of percentage base saturation. To quote from his statements: *‘Soil 
37 and 22 show nearly the same p)ercentage increase in yield from liming, but 
the larger amount of lime is removed from the finer textured soil.'* It is evident 
that this larger amount of lime removed from the finer textured soil may repre- 
sent the same or even a lower degree of saturation than does the smaller amount 
extracted from the coarser soil. 

The percentage base saturation viewpoint of the relation between plant 
growtli and soil acidity helps to explain some other facts observed by various 
investigators. Thus it has been observed by Conner (10), among others, 
that acid soils which have a high colloidal content are capable of producing 
good crops even though several tons of lime to the acre are required to bring 
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them to neutrality. Soils high in colloids have a high total exchange capacity. 
Therefore, the presence, for example, of 4 mgm. equiv. of hydrogen, which 
would theoretically require 2 tons of lime an acre for neutralization, leaves a 
soil that has a total exchange capacity of 20 mgm. equiv. 75 per cent saturated; 
whereas the presence of that same amount of acid in a soil containing less col- 
loid, such as one having a total exchange capacity of 5 mgm. equiv. would leave 
that soil only 20 per cent saturated. Moreover, it is interesting to note in 
this study that there is in general a positive correlation between the total 
exchange capacity of the soils and their crop producing power. This may 
partly explain the statement sometimes made that fertile soils arc able to with- 
stand greater degrees of acidity than poorer soils. The failure to get response 
from liming on soils tliat are quite acid, therefore, may be due to the fact that 
such soils, although acid, have a high degree of saturation. 

The results obtained by Alway and Nygard (2) and by Sewell and Perkins 
(40) can probably also be explained on the basis of percentage base saturation. 

One of the first explanations that was proposed by soil investigators to 
account for the injurious action of soil acidity on plant growth was that plants 
in acid soils cannot get sufficient available calcium. The fact, however, that 
calcium added to acid soils in the form of calcium sulfate did not overcome the 
injurious action of these soils on plant growth was difficult to explain, for if 
soluble calcium were present it seemed as if it should be available. Truog (44) 
in his earlier com])rehensive study of soil acidity in its relation to plant growth 
suggested that the reason calcium sulfate did not prove beneficial on acid soils 
was that plants needed calcium not so much as a plant nutrient but to neutral- 
ize the acids formed within the plant. He concluded, therefore, that the cal- 
cium, to be of value, must be present in soils in the carbonate or bicarbonate 
form. He further concluded that the amounts of calcium which can exist in 
acid soils in the bicarbonate form are to a large extent determined by the 
amount and strength of the soil acids present. At the time of his study little 
was known regarding the base exchange reaction of soils. It is significant, 
however, that in a large measure his theory is compatible with the percentage 
base saturation conception. In his more recent studies Truog (45) has empha- 
sized solid phase feeding by which he believes that the calcium in the base ex- 
change compounds may serve the same puipose as that in the carbonate or 
bicarbonate form. 

It may also be that the amount of calcium which can be absorbed by the 
plant is dependent on other factors such as the relative concentration of calcium 
to other ions in solution. According to this viewpoint, the fact that calcium 
sulfate is not beneficial when added to an acid soil could be explained on the 
basis that it not only adds more calcium to the soil solution but that through 
the base exchange reaction it liberates considerable hydrogen from the soil 
complex into the soil solution. 

Another factor which probably affects plant growth on acid soils and one 
that is closely correlated with percentage base saturation is the proportion of 
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the various exchangeable bases in different soils at sinndlar degrees of base satu- 
ration. Although it has been shown by Kelly and Brown (16) and others that 
the predominant exchangeable base in soils from humid climates is calcium, no 
one, as far as the writer knows, has studied the relative proportion of the 
various bases present as soils become progressively more desaturated. It is 
p(^ssible, for example, that two soils may have about the same proportion of the 
various exchangeable bases at pH 6.5, but that as they become progressively 
more desaturated the relative proportion of calcium to the other bases maybe 
quite different. Calcium or magnesium may become a limiting factor much 
sooner in one of these soils than in the other even though both soils have the 
same degree of saturation. JMoreover, one of the bases may become limiting 
not only because its total concentration is in itself low, but because it is low in 
proportion to the other bases present. That such may be the case is indicated 
by the data on the potassium and calcium content of the soil solutions. Al- 
though there was found to be no relationship between plant injury and the 
amount of calcium in solution, some correlation was obtained between plant 
injury and the ratio of potassium to calcium in the soil solution. It is possible 
that the correlation would have been even better if magnesium and sodium had 
also been determined and if these ratios had been determined for the bases in 
the exchangeable form. 

In this connection the investigations of Cooper and Wilson (11) are of inter- 
est. They have proposed the theory that the absorption of ions by plants is 
influenced by their oxidation-reduction potential. Thus, potassium, which 
has a high oxidation-reduction potential, would be absorbed much more readily 
than calcium if present in equivalent concentration. A relatively large amount 
of potassium compared with calcium, as was found in this study for the soils 
showing greatest plant injury, would mean that potassium is probably absorbed 
to the partial exclusion of calcium, even though the latter is present in solution 
in quite high concentrations. 

The recent results obtained by Brown (5) in culture solutions are also of 
interest. He found that if the molecular ratio of calcium nitrate to potassium 
di-hydrogen phosphate is decreased from 4:1 to 3:2, a marked reduction in 
growth is obtained. With the reduction in growth the calcium-potassium ratio 
in the plant changed from about 1 : 1 to about 1:4. He also found that increas- 
ing the concentration of potassium in the solutions greatly depressed the ab- 
sorption of magnesium by the plant, even though this element was present in 
both solutions in the same concentration. The injury to the plants from a 
relatively high absorption of potassium as compared with calcium and magnes- 
ium may be because, as found by True (43), it replaces these elements in the 
p)ectates of the middle lamella, causing the cell wall to become more permeable. 

These considerations give added reason for believing that the percentage base 
saturation of soils, and probably the proportipn of the various bases present 
in the exchange complex and in the soil solution, are primary factors which 
directly influence plant growth on acid soils. 
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SUMMARY 

This investigation was conducted in the greenhouse with 13 soils formed 
under different climatic conditions and of different degrees of weathering and 
obtained from several states. Each was brought to five different degrees of 
acidity by appropriate lime and acid treatments. Crops of corn, sorghum, and 
barley were grown on the soils. The results of the investigation can be briefly 
summarized as follows: 

The “critical hydrogen-ion concentration** for the growth of crops varied considerably 
with different soils; therefore, the hydrogen-ion concentration of soils cannot be considered the 
direct cause of poor plant growth nor the main factor governing plant distribution or response 
to liming. 

The displaced soil solutions of the soils were analyzed for aluminum, calcium, potassium, 
manganese, and phosphorus 

Aluminum was found present in ver>' small concentrations even in the most acid soils. 

The concentration of aluminum in the displaced solution of the different soils at similar 
pH values varied considerably. 

There was some evidence of correlation between the concentration of aluminum in the 
displaced soil solution and the growth of corn on acid soils but less correlation between the 
concentration of aluminum and the yield of sorghum and barley. The data are taken to 
indicate that soluble aluminum is not the primary factor in influencing the growth of acid- 
sensitive crops on acid soils. Some evidence is given for the belief that it is a secondary factor. 

No relation was found between the amount of phosphate in the soil solution and the con- 
centration of aluminum in solution at which plant injury developed. 

T'hc concentration of calcium in the soil solution bore no relationship to plant injury on 
these soils. 

.'\ fair correlation was found to exist between the ratio of potassium to calcium in the soil 
solution and plant injury. As the soils became more acid, the ratio of potassium to calcium 
decreased. This ratio varied considerably for the different soils at similar pH values. 

No relation was found between the concentration of manganese in solution and plant 
injury from soil acidity. 

The vie terminations of the percentage base saturation of the soils gave interesting results. 

Soils varied considerably in their percentage base saturation at similar pll values. 

A rather good correlation was found to exist between the percentage base saturation of 
acid soils and plant injury. Where large amounts of aluminum were present in solution, 
plant injury seemed to occur at higher degrees of saturation than when aluminum was absent, 
or present in low concentrations. 

The ixircentage base saturation of soils is believed to be one of the most important factors 
in determining the growth of plants on acid soils. It is also suggested that differences in the 
relative proportion of the various bases present in the exchange complex and in the soil solu- 
tion may be contributing factors to the poor plant growth obtained on acid soils. 
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Phosphatic fertilization of rice, as a rule, has not been profitable in Arkansas 
on soils which are known to be deficient in available phosphorus. The in- 
creased yields, if any, are not large enough to repay the cost of the fertilizer. 
Why should rice fail to respond to phosphatic fertilizers on soils which pro- 
duced marked increases with applications of phosphorus-carrying fertilizers 
to other crops, such as soybeans? 

A hypothesis commonly offered by rice growers to explain the condition 
mentioned, is that phosjihatic fertilizers stimulate w^ed growth to such an 
extent that the weeds can not be controlled by irrigation. As a consequence, 
a considerable amount of the plant nutrients arc used up by the weeds and no 
increased yields of rice are obtained. This hypothesis, although logical, is 
based largely on field observ^ations and does not consider the abnormal condi- 
tions which develop in the soil after the rice is irrigated. Neither does it 
consider the fact that phosphatic fertilizers on rice have been reported as 
profitable in some instances in other countries (6) and (12). A survey of the 
conditions under which rice is grown suggests that a number of factors other 
than weed growth may be active in affecting the availability of phosphorus in 
rice soils. 

Rice in Arkansas is grown in a region underlain by limestone rocks. As a 
result the w'ater from wells used for irrigation may contain considerable 
amounts of calcium which could cause phosphorus in the soils to revert to 
insoluble forms. These arc unavailable for rice, which, as has been previously 
shown (1), is a very poor feeder on insoluble phosphates. The development of 
anaerobic conditions after irrigation might cause some of the available phos- 
phorus to be changed to forms which are unavailable for rice. 

The investigation reported herein was started in an effort to study some of 
the factors which may affect the a\"ailability of phosphorus under the condi- 
tions of rice production and to determine the manner in which those factors act. 

^ Contribution from the department of agronomy, University of Arkansas. Published 
with approval of the director. Research Paper No. 223 Journal Series, University 
of Arkansas. 

* Assistant agronomist. The writer wishes to express his appreciation to A. H. Prince of 
Stuttgart and R. D. Setzler, assistant at the ^Vrkansas Rice Experiment Station, for their 
valuable assistance in obtaining samples of soil and irrigation water. 
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PLAN OF EXPERIMENT 

The work was planned to determine by chemical analyses the reaction, the 
calcium content, and the iron and aluminum content of water from wells used 
for irrigation purposes; to determine by chemical analyses the reaction of sur- 
face and subsoils devoted to rice production; and to study under controlled 
conditions the effect of irrigation upon the availability of phosphorus in rice 
soils which had received different fertilizer treatments. 

Calcium, iron, and aluminum content of irrigation waters 

A 2|-liter sample of water was taken as it came from the pump from each of 
several different wells in the rice area when they were pumping water for the 
irrigation of rice fields. The samples w^ere brought to the laboratory and their 
calcium, iron, and aluminum content and reaction were determined. Iron 
and aluminum were not determined separately, inasmuch as their effect on 
soluble phosphorus compounds would be similar. In addition, the reaction of 
water from several wells from which no samples were taken for analyses was 
determined colorimetrically. The results of the analyses are given in table 1. 

The reaction of all samples was either neutral or alkaline. The suggestion, 
given by the alkaline reaction of the water, that they might contain consider- 
able amounts of basic material in solution is proved by the results of the chemi- 
cal analyses. The amounts of calcium, although variable, are fairly 
large. The results are very consistent and agree with results of analyses 
made by the United States Geological Survey (13). Their results showed the 
calcium content to vary from 22 to 112 p.p.m., whereas the iron content was 
from 0.55 to 6.56 p.p.m. The calcium content varied from 20.3 p.p.m. to 
74.8 p.p.m., although most of the results were near the latter figure. The 
amounts of iron and aluminum are likewise variable, but are present in appreci- 
able amounts, varying from 6.1 to 12.8 p.p.m. 

The full significance of the presence of calcium, iron, and aluminum in the 
irrigation water is seen when the amounts added annually in the irrigation 
water are calculated. According to the preliminary results of investigations 
by Carter and Clayton (3), the net duty of water in the rice area is 22.3 inches. 
Because of an impervious subsoil, vary little of this water is lost by seepage. 
It is largely removed by transpiration of the plants and evaporation from the 
surface of the water. As a result, practically all of the basic material applied 
in the irrigation water is deposited in the soil. The amounts applied annually 
are given in table 2. 

In all but two of the samples, more than 300 pounds of calcium, free to com- 
bine with either insoluble soil acids or the more soluble forms, such as phos- 
phoric and sulfuric acids, are added annually. In addition, from 30 to 60 
pounds of soluble iron and aluminum are added. Thus rice soils, cropped 
successively to rice for a period of years because of the expense involved in 
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establishing irrigation systems, receive an enormous amount of soluble basic 
materials in a relatively short time. 

These materials added in the irrigation water could greatly decrease the 
supply of available phosphorus. A residue of 194 pounds of calcium would 

TABLE 1 


Analyses of well waters used for irrigation of rice fields 


<;ampl£ ni;mb£R 

I>H 

Ca IN WATER 

FCgOj AND AljOg IN WATER 



ppm. 

ppm. 

1 

7 5 



2 

7.5 



3 

7.0 



4 

7 5 



5 

7.5 



6 

7 5 



7 


24 5 


8 

7.2 

60 8 

11 6 

9 

7.3 

20.3 

12.8 

10 

7 3 

74 8 

12.4 

11 

7 4 

66 2 

12 0 

12 

7 2 

70 0 

8 5 

13 

7.4 

66.4 

6.1 

14 

7 0 

51.4 

6.2 

15 

7.2 

66 8 

8 9 

16 

7.3 

72 3 

6.4 

17 

7 4 

70 9 

11 6 


TABLE 2 

A pproximate amounts of calcium and iron and aluminum added to the soil annually by irrigation 

water 


SAMPLE NUMBER 

Ca ADDED PER ACRE 

Ee203 AND A]203 ADDED PER ACRE 


pounds 

pounds 

8 

325 

56 

9 

98 

62 

10 

363 

60 

11 

320 

58 

12 

339 

41 

13 

321 

29 

14 

249 

30 

15 

323 

43 

16 

350 

31 

17 

343 

53 


have the ability to revert 150 pounds of available phosphorus in the soil, if it 
existed as the monocalcium salt. This is considerably more than most soils 
contain and is more than the amount contained in one ton of superphosphate. 
This does not necessarily mean that such a reaction takes place, but merely 
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illustrates the enormous fixing power of the material added to the soil each 
year. On the other hand, this basic material might be used to neutralize soil 
acids. However, even if the added basic materials were utilized largely in 
neutralizing both soluble and insoluble soil acids they would still increase the 
amount of replace?ible base in the soil. I'he ultimate effect on the soluble 
phosphorus compounds would be the same. This is in excellent agreement 
with the results of Metzger (7), who has shown that continued irrigation has 
greatly increased the amount of replaceable calcium in the surface soil. 

of irngation on soil reaction 

The annual addition of such large amounts of basic materials to soils should 
result in the soils becoming more alkaline. Although determinations of the 


TABLE 3 

Effect of irrigation on the reaction of rice soils 


SAMPLE NUMBER 

SURFACE SOIL 

pH 


SAMPLE NUMBER 

.SURFACE SOIL 

pH 

SUBSOIL |)H 

1 



17 

7 0 

6 8 

2 



18 

5 2 

5 3 

3 



19 

6.4 

6 6 

4 

6.7 

5.9 

20 

6 8 

5.9 

5 

7.4 

* 

21 

6.7 

5.6 

6 

6 1 

« 

22 

6.8 

6.5 

7 

6 9 

4t 

23 

6.6 

5 8 

8 I 

6.3 

6 0 

24 

7 1 

6 3 

9 

7.4 

6 6 

25 

6 7 

6.0 

10 

7 0 

6 3 

26 

6.4 

5 8 

11 



27 

6.6 

6.1 

12 



28 

7.0 

6 5 

13 

7.1 


29 

6 6 

5 4 

14 

6 1 


30 

6.7 

5.7 

15 

7 0 

5 3 


6.5 

4 9 

16 

6 4 

6.0 

HIIH 




* Subsoil not sampled. 


reaction of soils some yearn after irrigation without a definite knowledge of the 
initial reaction of the soil might give misleading results, the conditions in the 
rice area of Arkansas are such that the general trend of such changes may be 
obtained. The soil is a rather heavy silt loam underlain by an impervious sub- 
soil. The subsoil is so impervious that very little of the irrigation water is 
lost by percolation. As a result, most of the materials carried by the irrigation 
water are deposited in the surface layer. The surface soil, therefore, should 
become more alkaline than the subsoil. The reactions of a number of surface 
and subsoils taken from farms within a radius of 20 miles in the rice district 
are given in table 3. 

The surface soil was taken from the surface 6 inches and the subsoil from the 
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12 to 18-inch layer. Sample 11 has been in rice only one year. Samples 18 
and 19, from virgin soil, illustrate the conditions generally found in virgin soils 
of this type, viz., the reaction of the surface and subsoil are almost the same. 
The results show very clearly the tendency of irrigation to make the surface 
more alkaline. In some cases, 4, 9, 10, 13, 15, 17, 23, and 28, the soil acids 
have been completely neutralized whereas in many of the others it has been 
almost all neutralized. While neutralization was taking place, the abundance 
of basic materials was undoubtedly reverting some of the phosphorus in the 
soil and making it unavailable for the growth of rice. 

Watcr-soluhle phosphorus in rice soils 

To make normal growth, all plants need a certain amount of phosphorus. If 
the amount coming from the soil is insufficient for normal needs, the amount of 
growth is reduced. With the addition of so much basic material in the irriga- 
tion water, it is important that the amount of phosphorus in the soil solution 
be known. A knowledge of the ability of the soil to maintain that concentra- 
tion is of equal imi>ortance. 

Analyses for phosphorus by the ceruleo-molybdate method of Deniges (5), 
as modified by Parker and Pudge (9), in the displaced soil solution showed it to 
contain 0.75 p.p.m, of total POi, of which 0.3 j).p.m, was in the inorganic form, 
and, according to Pierre and Parker (11), is available to plants. From our 
present knowledge of phosphorus requirements of plants (8) 0.3 p.p.m. inor- 
ganic phos])horus would enable plants to make normal growth i>rovidcd that 
concentration was maintained. 

The soil solution had a pH of 7.2, indicating the presence of considerable 
basic material. Qualitative analyses showed the presence of considerable 
calcium. 

In order to test the ability of the soil to maintain its original supply of avail- 
able piiosphorus, an experiment w^as performed to detemine the rate at which 
renew^al of phosphorus in the soil solution would take place. The amount of 
inorganic phosphorus coming into solution during various intervals w*as deter- 
mined by the collodion bag metliod (10). Thirty grams of soil was placed in 
the collodion bags and 50 cc. of water added. One hundred cubic centimeters of 
distilled water was added to the outside. At each sampling, the 100-cc. portion 
on the outside w^as removed for analysis and another 100 cc. of distilled w’ater 
added to the flask. The inorganic pho.sphorus w^as determined, as given in the 
foregoing and the pH was determined colorimetrically. Because of the possi- 
bility that the abundant bacterial growdh which developed inside the collo- 
dion bags might have affected the availability of the phosphorus, a second set 
was run in which an effort was made to control bacterial growrth by the addi- 
tion of a few drops of toluene. The results of both experiments are given in 
table 4. 

The results show that w'hile the concentration of inorganic phosphorus in 
the soil extract is low', 0.13 p.p.m., the soil is able to maintain the amount in 
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solution at a rather uniform level. On the other hand, factors such as the 
rapid development of microorganisms may cause a very rapid depletion of the 
inorganic phosphorus in solution. This occurred after 8 days, where no toluene 
was added, and at the end of 10 days when toluene was added at the beginning 
of the experiment. Constant removing and renewal of solution had probably 
depleted the supply of toluene added at the beginning of the experiment. 
The microorganisms developed so rapidly that in a few days they caused the 
liquid outside of the collodion bags to become cloudy. 

There is a suggestion in the results of the second experiment of the repression 
caused by the basic materials added in the irrigation waters. There is a 
gradual decrease in the water-soluble phosphorus for a time, followed by an 

TABLE 4 


Inorganic PO^ in successive diffiisaies from 1:5 ratio of rice soil and water 


TIMK 

INUKi.-VNIC P04 IN 
DITFUSATP. 

POi'lH^SOI-VEI) IN INTEJtt' 
VALS BETWEEN SAMPLING 

pH 

honfA 

ppm 

ppm 


Without toluene 

24 

0.13 

0.13 

6.7 

48 

0.13 

0 09 


84 

0.08 

0 04 


108 

0 08 

0.05 


132 

0.08 


. . . 

180 

Trace 


6.4 

With toluene 

24 

0.08 

mBSM 

6.5 

48 

0,07 


6.7 

72 

0 06 

0.04 

6 8 

120 

0 09 

0.07 

7.2 

144 

0.08 

0.05 

7.2 

168 

0.10 

0.08 

7.3 

240 

Trace 

— 

7.2 


increase as the extraction continued. Accompanying these changes, there is a 
gradual increase in pH from 6.5 to 7.3, presumably because of basic material 
coming into solution. This is in agreement with Burd and Martin (2), who 
state that as the cations are removed from a soil more phosphorus will go 
into solution. 

The relatively small amount of inorganic phosphorus foimd in the soil solu- 
tion readily accounts for the marked response of other crops than rice where 
applications of soluble phosphatic fertilizers arc made to these soils. 

Changes in availability of phosphorus produced by irrigation 

In addition to the effects given in the preceding experiments, there is also 
the possibility that the anaerobic conditions caused by the irrigation of the 
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rice fields may produce a change in the kind or amount of water-soluble phos- 
phorus in the soil. A series of jars containing equal amounts of soil, but receiv- 
ing different treatments, were started in the greenhouse to study the effect of 
irrigation on the amount and forms of water-soluble phosphorus in the soil. 
Clear solutions of 1 : 5 water extracts were obtained by the collodion bag method. 
They were analyzed colorimetrically for organic, inorganic, and total water- 
soluble PO 4 . The fertilizers were added and the soils flooded April 5, 1929. 
The treatments and results of the analyses of different samplings are given in 
table 5. 

Flooding has apparently caused relatively rapid fixation of the soluble in- 
organic phosphorus in the soil solution. Only one month of flooding has caused 
the disappearance of nearly all of the available phosphorus. This has taken 
place even where mono-calcium phosphate was added at the rate of 250 pounds 
an acre. This was probably due to reversion of the phosphate. 

The effect of the increase of basic material in solution is also seen in the 
change in pH from the first and second sampling. At the first sampling, the 
unflooded check had a pH of 6.1 whereas the others had a pH of 6.3. On 
June 8, the acidity of the unflooded check had increased to pH 5.72, whereas 
all the others decreased to between pH 6.92 and pH 7.18. This change, except 
in the two treatments receiving calcium hydroxide in the irrigation water, 
could be attributed only to the basic material coming into the solution. 

It is also shown that part of the phosphorus may have been converted to an 
organic form. As a result of the suggestion given from the results of the 
collodion bag experiments an effort was made to observe the changes, if any, 
in biological activities by means of the Conn direct staining method (4). Al- 
though differences in type of organisms were undoubtedly present, they were 
not outstanding enough to be observed by the writer. The amount of organic 
phosphorus in the extract for tlie July 22 analysis shows a decided increase in 
all of the flooded treatments, further supporting the idea that inorganic [)hos- 
phorus may be transformed to organic phosphorus. This also may be a factor 
concerned in the phosphatic fertilization of rice. 

The completeness of reversion is shown by the following experiment. After 
the July 22 sampling, the moisture content was reduced by normal evaporal ion 
to 10 to 18 per cent and maintained in that range for six months. At the end 
of the time, no more than a trace of water-soluble inorganic phosphorus was 
found in any jar. 


DISCUSSION OF RESULTS 

The maintenance of an adequate supply of plant-food constituents for good 
yields of crops is the f)rimary object of fertilizer practices. Any factors w^hich 
may affect the supply of available plant-food will naturally affect the practices 
operating in the fertilization of crops. 

Admittedly the application of phosphatic fertilizers to soils deficient in 
phosphorus will stimulate weed growth just as it does crop growth. If the 
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weed growth is not controlled, it is self evident that there will be competition 
between weeds and rice, which is a poor forager for available phosphorus, with 
the stronger feeder getting the major portion of the available phosphorus. 

On the other hand, it seems quite evident that if other crops can compete 
successfully on the same soil with weeds and make profitable increased yields 
with applications of phosphatic fertilizer, then poor returns from the use of 
phosphatic fertilizers on rice must be linked in some way witli this particular 
crop. 

The application of large amounts of basic materials annually in the irriga- 
tion water used on rice has resulted in reducing the hydrogen-ion concentra- 
tion of soils very much. In some instances, the change has been from strongly 
acid to a decidedly alkaline reaction. The result has been that phosphorus 
has reverted to slightly soluble forms and is only slowly available to rice, 
which is a weak feeder on insoluble phosphates. 

At the same time, irrigation of the soils causes an increase in replaceable 
bases in the soil, thus causing reversion of the more soluble phosphate. As a 
result, a few weeks after irrigation, the amount of inorganic phosj)horus in the 
soil may be practically nil. Reversion takes place even when soluble phos- 
phatic fertilizers are added to the soil. 

The anaerobic conditions produced by the irrigation may cause a change in 
the type of inorganic forms of vrater-soluble phosphorus, w^hich are available 
to plants, to organic forms which are not available to plants. 

The action of most factors affecting soil conditions in tlic production of rice 
is to decrease tlie solubility of phosphatic fertilizers. From the results of these 
experiments, it docs not seem advisable to recommend the use of phosphatic 
fertilizers where the land is irrigated with calcareous water, until some means 
is found to keep the phosphorus in solution. 

SUMMARY 

Studies were made under field conditions to determine the effect of irrigation 
on the pH of rice soils. The calcium content, iron and aluminum content, and 
pH of well water used for irrigation puposcs were found by analysis. The 
effect of irrigation on the availability of phosphorus in soils receiving different 
fertilizer treatments was studied. The results of the investigation may be 
summarized as follows: 

Water used for the irrigation of rice in Arkansas contains large amounts of calcium, largely 
in the bicarbonate form. 

From 6 to 12 p p m. of soluble iron and aluminum were found in the samples analyzed. 

The amounts of soluble calcium and iron and aluminum added annually in the irrigation 
water could cau.se reversion of large amounts of soluble phosphorus. 

Continued irrigation with calcareous well water has made the surface soil in the rice area 
decidedly more alkaline than the subsoil. 

Irrigation caused a descrease in the water-soluble inorganic phosphate. This was par- 
tially due to reversion of the phosphates. 
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The increase in the organic water-soluble phosphorus three months after irrigation may be 
due to activities of bacteria under anaerobic conditions. 

Phosphatic fertilizers, according to the results of these experiments, should not be recom- 
mended when calcareous water is used for irrigation. 

REFERENCES 

(1) Bartholomew, R. P. 1928 The unavailability of phosphorus in rock phosphate to 

some southern crops. Jour. Amer. Soc. Agron. 20: 913-^20. 

(2) Burd, J. S., and Martin, J. C. 1923 Phosphate behavior in soils. Science 58: 227- 

228. 

(3) Carter, Deane G., and Clayton, B. S. Private communication from the department 

of agricultural engineering. University of Arkansas. 

(4) Conn, H. J. 1928 On the microscopic method of studying bacteria in soil. Soil Sci, 

26: 257-259. 

(5) Deniges, G 1920 Reaction de coloration extremement sensible des phosphates at 

des arseniates. Ses applications. CompL Rend, Acad. Sci. (Paris) 171 : 802-804. 

(6) McKerral, a. 1916 Report of Hmawbi Agricultural Experiment Station for the 

year 1915-16. Dept. Agr. Burma, Rpt. Hmawbi Agr. Exp. Sta. 1915-16. 

(7) Metzger, W. H. 1929 The effect of moisture content and cropping on exchangeable 

calcium and magnesium with particular reference to rice soil. Soil Sci. 27: 303- 
318. 

(8) Parker, F. W. 1927 Plant growth and the absorption from culture solutions of 

different phosphate concentrations. Soil Sci. 24: 129-146. 

(9) Parker, F. W., and Fudge, J. F. 1927 The colorimetric determination of organic 

and inorganic phosphorus in soil extracts and in the soil solution. Soil. Sci. 24: 
109-117. 

(10) Pierre, W. H., and Parker, F. W. 1927 The use of collodion sacks in obtaining clear 

soil extracts for the determination of the water-soluble constituents of the soil. 
Soil Sci. 23: 13-32. 

(11) Pierre, W. H., and Parker, F. W. 1927 Soil phosphorus studies: III. The con- 

centration of organic and inorganic phosphorus in the soil solution and the avail- 
ability of organic phosphorus to plants. Soil Sci. 24: 119-128. 

(12) Sherrad, G. 1915 Report of field crops work at the Bankipoor Agricultural Station 

1915-16. Rpt. Dept. Agr. Bihar and Orissa 1915-16. 

(13) United States Geological Survey. Private communication from D. G. Thompson, geol- 

ogist in the United States Geological Survey. 



THE INFLUENCE OF COMBINED NITROGEN ON GROWTH AND 
NITROGEN FIXATION BY AZOTOBACTER 

JAMES E. FULLER and LEO F. RETTGER 
Yale University 

Received ior publication May 6. 1930 

It is commonly assumed that available combined nitrogen in the substrate will inhibit 
nitrogen fijxation by Azotobactcr. Mockeridge (23) says: “It is a well known fact that when 
supplied with soluble nitrogen, Azotobacter does not fix atmospheric nitrogen until the availa- 
ble nitrogen has been consumed.” 

This assumption is apparently accepted by many investigators in the field of Azotobacter 
physiology. The evidence in the literature, however, hardly seems adequate to justify the 
unqualified acceptance of the idea that the presence of such nitrogenous materials in the soil 
or other substrate will necessarily depress nitrogen fixation by Azotobacter. In fact, some 
of the investigations reported point in the opposite direction. 

Krainski (18) observed that nitrogen fixation is more active in rich or well-fertilized soils 
than in poor soils. Lohnis and Green (20) employed a synthetic medium to which they added 
manure, straw, and peat. They inoculated this medium with Azotobacter and observed that 
nitrogen fixation was increased, (ireaves and Carter (9) found that the treatment of soil 
with stable manure under field conditions had a beneficial effect upon the nitrogen-fixing 
power of the soil. Large quantities of manure did not prove as beneficial as smaller quantities. 

Richards (26) investigated the effect of garden soil when added to fresh horse or cow ma- 
nure. He found that the nitrogen content of the mix increased during incubation, and isolated 
Azotobacter and B. lactis-aerogenes from the cultures. Greaves and Nelson (10) state that 
“ . . . commercial fertilizers may discourage the beneficial bacteria, including nitrogen- 

fixing organisms, to such an extent that they cease to gather nitrogen from the air, whereas 
the use of farmyard manure may encourage ihem.^' They further suggest that manure 
carries phosphorus, potassium, and other food to the soil. These materials may be as much 
responsible as the nitrogen for any stimulating influence on nitrogen fixation. 

Beijerinck and Van Del den (3) showed that Azotobacter has the power to attack nitrates, 
converting them to ammonia. l.ipman (19), in a study of Azotobacter vinelandii^ tried the 
effect of potassium nitrate, peptone and ammonium chloride. He found that available nitro- 
gen reduced the fixation of atmospheric nitrogen. Stoklasa (30), Stranak (31), and Heinze 
(12) showed that small quantities of nitrates stimulated nitrogen fixation by Azotobacter. 

Hills (13) tried the effects of sodium, potassiiun, and calcium nitrates on soil cultures of 
Azotobacter. He employed 150 gm. dry weight of soil as the medium and added the nitrates 
in quantities of from 10 to 300 mgm. to each culture, with 1 per cent mannitol as a source of 
energy. The numbers of Azotobacter increased in cultures containing up to 100 mgm. of 
sodium, potassium, and ammonium nitrates, and 50 mgm. of calcium nitrate. Maximum 
nitrogen fixation was observed with 100 mgm. of sodium and potassium nitrate in the case of 
one Azotobacter strain, and with 150 mgm, of each with another strain of the organism. In 
every instance the use of calcium nitrate caused a marked decrease in the amount of nitrogen 
fixed. v 

Hills found, further, that sterilized soil containing sodium nitrate in quantities of 50 and 
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150 mgm. to 100 gm. of soil showed at least three times as much nitrogen fixation as the con* 
trols. There was not much difference between the two concentrations. In un-sterilized soil 
50 mgm. gave a marked increase in nitrogen fixed, whereas with 150 mgm. almost twice as 
much was formed. 

Tests in sterilized soil showed a marked increase in nitrogen fixation with 50 mgm. of cal- 
cium nitrate in 100 gm. of dry soil, but not quite as much as with 200 mgm., the proportion 
being 7.8 to 9.8 mgm. of nitrogen fixed. In un-sterilized soil the results were similar when 50 
mgm. of the nitrate were added, whereas 200 mgm. showed a fixation of 12.8 mgm. of nitrogen 
in 100 gm. of soil. The nitrogen was found as organic nitrogen. Any loss resulting from the 
attack on the nitrate is made up by the fixation of free atmospheric nitrogen. 

The percentage increase in the numbers of viable Azotobacter in these experiments was 
about 10 times as great as the maximum nitrogen increase. Hence, the results show that the 
physiological efficiency of the Azotobacter, in so far as fixation of atmospheric nitrogen is 
concerned, is actually decreased to a marked degree. 

Bonazzi (4) found that the addition of calcium nitrate not only resulted in the inhibition of 
nitrogen fixation by the organism, but that there was some loss of the nitrogen from the nitrate 
incorporated in the medium. 

Zoond (37) observed that nitrogen fixation was depressed when potassium nitrate, tyrosine 
and Bacto-peptone respectively were added to a medium in quantity sufficient to give a nitro- 
gen concentration of more than 0.003 per cent. Maximum fixation occurred in a concentra- 
tion of 3 mgm. of nitrogen in 100 cc. of solution. The drop in nitrogen fixation was rapid as 
increasing quantities of the substance were added. The investigatorsuggests that the appar- 
ent stimulus resulting from small quantities of nitrogenous materials may be due to the law 
of concentration of ions, as observed by Winslow and Falk (36) in the use of increasing quanti- 
ties of sodium chloride and calcium chloride on the rate of dying of B. coli. Zoond adds his 
suggestion to that of Bonazzi, that nitrogen fixation is a reserve power resorted to by Azoto- 
bacter only in case of nitrogen starvation. 

McBeth (21) investigated the effect of 0,1 per cent ammonium sulfate on the nitrogen- 
fixing activities of Azotobacter ckroococcum and A. beijeritickii. He concluded that the 
presence of ammonium sulfate stimulates nitrogen fixation by the organisms. He made no 
mention of the amount of growth. He conducted qualitative, but not quantitative, tests for 
ammonia. 

Reed and Williams (25) tried the effects of various organic nitrogen compounds, including 
caffeine, trimethylamine, asparagine, creatinine, xanthine, hypoxanthine, urea, formamide, 
glycocoll, allantoine, guanidine carbonate, and skatole. They found that nitrogen fixation 
was only slightly affected by most of the compounds investigated. Guanidine and skatole 
were toxic, whereas caffeine appeared to stimulate the growth of Azotobacter. Urea, glyco- 
coll, formamide, and allantoine were especially active in depressing nitrogen fixation, because 
the authors suggest, of their satisfying the nitrogen demands of Azotobacter, rather than 
because of any toxic effect. The simpler substances appeared to exercise the most depressing 
effect. This might be expected because they probably arc the more easily utilized. 

It seems logical that, as proteins are decomposed in the soil, the degradation products, 
including amino acids, should be present in definite but varying quantities. Amino-acid 
nitrogen was first demonstrated in soil by Warrington (34) and later by Sestini (29). Dojer- 
inko (7) made quantitative estimates of the amounts of monamino and amido nitrogen in 
humic acid extracted from Russian soil. Jodidi (14) first demonstrated the presence of 
diamino acids. Schreiner and Skinner (28) reported the following organic nitrogen com- 
pounds in soil; arginine, adenine, cytosine, choline, creatine, creatinine, histidine, hypoxan- 
thine, nucleic acid, guanine, and trimethylamine. 

Jodidi (16) states that nitrogen in its initial stages may be found in considerable quantities 
in soil. The amino acids and acid amides cannot accumulate to any extent because they are 
easily ammonified. The ammonia and nitrites cannot accumulate because they are readily 
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oxidized to nitrates which are utilized by plants or leached out of the soil if it is fallowed. He 
, (15) analyzed a series of soil samples which showed an ammonia content of 0,0015 per cent or 
less and a nitric content of less than 0.01 per cent. Oven-dried soils contained 0.257 per cent 
or less of total nitrogen, 0.0015 per cent or less of ammonia, and 0.096 per cent or less of acid 
amides. 

Headdcn (11) reported the following analyses of Colorado soils: protein nitrogen, 0.07 to 
0,08 per cent; ammonia nitrogen, near 0.01 per cent; amino nitrogen, average about 0.04 per 
cent; nitric nitrogen, 0.05 per cent or lower; total nitrogen, mostly below 0.2 per cent with a 
few samples showing as much as 0.3 per cent. 

Neidig and Snyder (24) found that Idaho soils contained from 0.152 to 0.886 per cent total 
nitrogen. Russell (27) states that the total nitrogen of arable soils is usually about 0.15 per 
cent, and that of pasture lands 0.03 per cent. The ammonia content of heavily dunged areas 
is 0.001 per cent. Rich garden soils contain 0.006 per cent of nitrates, and arable soil 0,002 
per cent. 

PRESENT INVESTIGATION^ 

Methods 

Four strains of Azotobacter chroococcum were employed. Three of these 
were stock laboratory strains of the organism, and are designated in the tables 
as Al, A3, and A4. All were able to fix substantial quantities of free atmos- 
pheric nitrogen when cultivated in a medium free from combined nitrogen, A4 
being the least active in this respect. The fourth strain, designated as Am, 
was freshly isolated from soil. It fixed free atmospheric nitrogen more actively 
than the other three strains. Although it exhibited the characteristic mor- 
phology of Azotobacter, it did not produce as much pigment in cultures as the 
three stock strains. 

Experimental work in nitrogen fixation is frequently criticised on the ground 
that the Azotobacter cultures used have been carried in the laboratory on 
media containing no combined nitrogen until they have been trained to fix free 
atmospheric nitrogen. This objection is eliminated partially in this study by 
the use of strain Am, which was re-isolated several times during the progress of 
the work. 

Ashby’s (1) medium was employed for all of the experiments. Its composi- 
tion is as follows: 


KH 2 PO 4 0.2 gm. 

MgS 04 0.2 gm. 

NaCl 0.2 gm. 

CaS 04 0.1 gm. 

CaCOa 5 0 gm. 

Mannitol 12 0 gm. 

Water 1,000 cc. 


The KH2PO4 is neutralized to phenolphthaiein with 10 per cent NaOH 
before it is added to the rest of the medium. If a solid medium is desired, 

^ For a more detailed presentation of some phases of the investigation, the reader is referred 
to the doctorate dissertation of the senior author in the Yale University libraiy. 
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1.5 per cent agar is added. Ashby advocated starting the cultures of Azoto- 
bacter on an agar base in the culture flasks or bottles, and after three days^ 
incubation at the desired temperature, adding the nutrient solution in desired 
quantities. This method insures better seeding of the Azotobacter than can 
be obtained otherwise. All of the media were sterilized at 15 pounds for 20 
minutes. 

In the following experiments, 10-cc. quantities of Ashby’s agar were placed 
in 200-cc. Blake culture bottles and the bottles set on edge after sterilization. 
An inoculum was prepared by making a suspension of a week-old culture of 
Azotobacter in physiological saline and adjusting the density to 5.0 in the 
McFarland (22) nephelometer scale. By means of a sterile pipette, 1 cc. of 
the suspension was transferred to the agar in a Blake bottle. After three days 
incubation at 28°C., 50 cc. of Ashby’s nutrient solution was added. 

In the experiments in which various forms of combined nitrogen were used 
the desired amount of the nitrogenous substance was added to both the solid 
and fluid forms of the Ashby medium. 

Preliminary experiments determined the most favorable time and tempera- 
ture for incubation to be 21 days at 28® to 30®C. The quantity of inoculum 
was found to be unimportant, within reasonable limits, as long as a suflBcient 
seeding was obtained to give a satisfactory grovrth. The nitrogen content of 
the inoculum employed was not sufficient to be measurable by the Kjeldahl 
method and consequently did not influence the total nitrogen determinations 
in the cultures after incubation. 

After 21 days’ incubation at 28®C., determinations were made of the amount 
of growth, anunonia and amino acid nitrogen, and total nitrogen. 

The estimates of growth were checked by a direct microscopic examination 
of the cultures, using the technic advised by Conn (6). Rose Bengal was 
employed as a stain. Direct plate examinations of the cultures for numerical 
determination of the bacteria present did not prove sufficiently consistent to 
be satisfactory, probably because of the mucous-like consistency of the Azoto- 
bacter growth. 

Ammonia determinations were made with the Van Slyke and Cullen modifica- 
tion of the Folin air current method. Amino add nitrogen was determined by 
Brown’s (5) modification of the technic of Henrique and Sjiirensen. The 
estimations of ammonia and amino acid nitrogen in the cultures were begun with 
the hope that they could be used as measures of the nitrogen fixed by Azoto- 
bacter. These proved to be of no value in that way because no ammonia or 
amino acid nitrogen could be detected in cultures of the organism grown in a 
'olution containing no combined nitrogen. In the experiments on the effect 
of combined nitrogen, however, both the amino acid nitrogen and ammonia 
tests were useful in estimating the activity of Azotobacter in attacking the 
nitrogen compounds. 

Total nitrogen was determined by means of the Kjeldahl method. Five 
per cent copp)er sulfate was used as a catalyzer. Distillations were made into 
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iV/14 sulfuric acid which was titrated back with N/\A sodium hydroxide, Congo 
Red being used as an indicator. 

Experiments were conducted to determine the possible toxic i)roperties of 
the nitrogen compounds towards Azotobacter. For these tests Ashby’s agar 
containing the desired concentration of combined nitrogen was inoculated 
with Azotobacter and plates were poured in the usual way. The plates were 
incubated for one week at 28®C. 

Does Azotobacter fix free atmospheric nitrogen in a definitely controlled atmosphere 
containing no combined nitrogen? 

The first experiment was undertaken to determine the ability of Azotobacter 
to fix atmospheric nitrogen when cultivated in a definitely controlled gaseous 
environment. Bonazzi (4) was bold enough to suggest that this genus may 
not fix any free atmospheric nitrogen at all, but that it merely accumulates 
available combined nitrogen which may be present in the air as ammonia or 
nitrous acid. It is reasonable to suppose that a considerable quantity of these 
substances, considered from the standpoint of microdrganic needs, may be 
present in the atmosphere under certain conditions. This would be especially 
true of a soil where organic decomposition is taking place. Although the 
amount of either ammonia or nitrous acid available at any one moment is 
probably exceedingly small, over an incubation period of 21 days, or more, 
Azotobacter may conceivably come in contact with sufiicient nitrogen in these 
forms to account for the quantity found in the cultures. 

The literature contains little evidence of any serious consideration having 
been given to the possibility that the nitrogen accumulation in cultures of 
Azotobacter may be due to the assimilation of combined rather than free 
atmospheric nitrogen. Winogradsky (35) in the isolation and study of Clos- 
tridium pasteurianum, aerated his cultures with air which had been passed 
through sulfuric acid. Beijerinck (2) comments on this practice, but appar- 
ently it has not been followed generally. 

In order to investigate the ability of Azotobacter to fix free atmospheric 
nitrogen in the absence of any combined nitrogen in the air and in a medium 
free from combined nitrogen, the following procedure vras adopted: 

A series of cultures of the organism in Ashby’s medium was incubated in sealed containers 
which were aerated daily with an atmosphere free from combined nitrogen. 

A second series of cultures was set up in all respects like the first, but incubated in contact 
with ordinary room air which was supplied to the sealed containers in the same manner as the 
washed air in the first series. 

Aeration was accomplished as follows: A 3-gallon bottle was filled with wrater 
and the water gradually replaced with air which had been drawn through a 
scrubbing tower fiUed witli 10 per cent sulfuric acid to remove the ammonia, 
and through 25 per cent sodium hydroxide for the removal of nitrous acid 
that may have been present. The water w^as drawn from the bottle by a 
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siphon, the washed air being allowed to enter through a short intake tube; or 
by inverting the bottle and allowing the water to run out through a short tube 
in the rubber stopper, while the washed air entered through a long tube which 
extended from the stopper to above the water level. 

After the 3-gallon bottle had been filled with washed air it was connected 
with the sealed container by means of rubber tubing, and the air from it was 
forced through tie container by means of water siphoned into the first bottle 
from a second bottle of the same size. 

Two plans of aeration were tried. The first was gradual and continous 
aeration for the period of incubation, fresh bottles of washed air being supplied 
once each day. This method was effective but required a complicated appara- 
tus with a number of aerating bottles in use at the same time. The second 
plan was to aerate the containers more rapidly, the air being forced through 
once each day for a period of 20 minutes. This made it possible to aerate the 
containers outside of the incubator, and allowed the incubation of many more 
cultures at the same time than would have been possible with the first plan. 


TABLE 1 

Ability of Azotohacter to fix free nitrogen in an atmosphere from which all combined nitrogen has 

been removed 


OSGANISM 

NITROGEN FIXFJJ PER 100 CC. 

Ordinary room air 

Air free from combined nitrogen 


mgtn. 

mjjm. 

A1 

6 6 

7.0 

A3 

6 4 

6 4 

A4 

5 4 

5 6 

Am 

8.8 

8 4 


The second method proved equally satisfactory and was adopted, since it 
allowed a more rapid accumulation of data. 

It was observed that the sodium hydroxide removed the carbon dioxide from 
the air, and that the growth and activity of Azotobacler appeared to be greatly 
inhibited thereby. To counteract this influence, approximately 1 per cent by 
volume of carbon dioxide was added to the washed air before it was introduced 
into the culture containers. The influence of carbon dioxide on bacteria has 
been discussed by VaUey and Rettger (32). 

The air driven from the sealed containers during aeration was bubbled 
through O.OliV sulfuric acid in order to collect any ammonia which may have 
been given off from the cultures during incubation. The acid was titrated 
back with O.OliV^ sodium hydroxide, Congo Red being used as the indicator. 

Two sets of cultures of Azotobacter were set up according to the plan out- 
lined in the foregoing. The cultures were seeded on Ashby’s agar in Blake 
culture bottles and incubated for three days at 28®C., after which SO cc. of 
Ashby’s solution was added and the cultures were incubated for 21 days at 
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28®C. Total nitrogen determinations were made at the end of the incubation 
period. Table 1 shows that the four Azotobacter strains used here are capable 
of fixing appreciable quantities of free atmospheric nitrogen in the absence 
of any combined nitrogen in the substrate and the surrounding atmosphere. 
Differences observed between the quantities of nitrogen fixed by the same 
Azotobacter strain in washed air as compared with ordinary room air are within 
the range of normal variation, which might be expected among cultures of the 
organism set up and incubated under identical conditions. 

Since the foregoing experiment demonstrated the ability of Azotobacter to 
fix free atmospheric nitrogen in the absence of any combined nitrogen in the 
air or substrate, it was decided to incubate all cultures in the subsequent 
experiments in sealed containers which were aerated once each day with 
washed air. 


Is Azotobacter proteolytic? 

In order to test the proteolytic power of Azotobacter, inoculations of the 
four strains of the organism were made on Loeffler’s blood serum. These were 
incubated for one week at 28®C. and examined. A good growth was observed 
in all cases, but there were no signs of liquefaction of the medium. These 
cultures were continued in incubation and examined from time to time until 
the medium became so dry that further observations were useless. The total 
incubation time was 40 days. At no time was there evidence of any digestion 
of the blood serum. 

In another test the Ashby solution was employed as the basic medium and 
300 gm, of gelatin to each liter added. The medium was used in tubes (slanted) 
and in plates. Tubes and plates were inoculated with Azotobacter and incu- 
bated at 22®C. for 20 days, after which they became too dry for satisfactory 
observation. Daily examination showed good growth of the organism after 
the tliird day, but there was no liquefaction of the gelatin at any time. 

These tests indicate that Azotobacter is not proteolytic. The gelatin test 
should be especially conclusive, since inability to attack gelatin implies the 
lack of proteolytic power in the organism. 

Influence of combined nitrogen in tlte substrate on growth and nitrogen fixation by 

Jizotobacter 

The chemical substances chosen for the study of the influence of combined 
nitrogen in the substrate on growth and nitrogen fixation by Azotobacter were 
as follows: 

Peptone, nucleic acid, tryptophane, tyrosine, glutamic acid, aspartic acid, cysteine hydro- 
chloride, cystine, glycocoll, creatine, creatinine, urea, guanine, ammonium sulfate, ammonium 
chloride, ammonium carbonate, ammonium phosphate, ammonium nitrate, sodium nitrate, 
and potassium nitrate. 
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It is obviously impossible in an investigation of this scope to determine the 
influence of all of the known nitrogenous compounds which may be found in 
soil. The compounds chosen, however, should furnish considerable evidence 
regarding the behavior of Azotobacter in the presence of combined nitrogen. 
Both simple and complex organic compounds were employed as well as some 
readily available inorganic substances for comparison. 

The cultures were set up as indicated in the description of methods, and 
incubated for three days at 28°C. Then 50 cc. of Ashby’s solution containing 

TABLE 2 


Affunf?U of nitrogen fixed by Azotobacter in the presence of different nitrogenous compounds, and 
of nitrogen fixation by the same organisms in a medium having no combined nitrogen 
Results are expressed as mgm. of nitrogen in 100 cc. 


MEDIUM 

STRAINS OP AZOTOBACTER 

A1 

A3 

A4 

Am 

No combined nitrogen 

7.0 

6.4 

5.6 

8.4 

Bacto-peptone 

3.2 

3.8 

3.4 

2.0 

Nucleic acid 

4.8 

5.0 

2.6 

5 0 

Tr3^tophane 

3.1 

5.2 

2.4 

6 0 

Tyrosin^.- 

5 0 

5.2 

5.6 

6.0 

Glutamic acid 

1.6 

2.0 

1.0 

2.0 

Aspartic acid. 

-1.2* 

1.7 

0.4 

-0.2 

Cysteine hydrochloride 

1.0 

0.8 

0.4 

0 8 

Cystine 

5.0 

6.2 

7.0 

5.6 

Glycocoll 

3.0 

2.6 

3.2 

2.6 

Creatine 

-1.8 

-0.6 

-0.8 

-1.0 

Creatinine 

-2.4 

-0.8 

-2.6 

-1.0 

Urea 

-2.5 

2.3 

-1.5 

-0.7 

Guanine 

2.8 

4.9 

4.0 

5.3 

Ammonium sulfate 

1.4 

3.4 

2.3 

1.4 

Ammonium chloride. 

5.1 

7.8 

8.2 

6 3 

Ammonium carbonate 

6.3 

7.5 

5.9 

3 0 

Ammonium phosphate 

5.0 

5.5 

3.8 

2.6 

Ammonium nitrate 

6.3 

8.1 

6.1 

1.2 

Sodium n^ttrate 

6.7 

5.6 

4.4 

0.6 

Potassium nitrate 

0.0 

0.6 

0 0 

-3.4 



Indole and skatole were toxic and no growth occurred. 

* The minus sign indicates that less nitrogen was recovered from the cultures after incuba- 
tion than was included in the medium as combined nitrogen. 


enough of the nitrogen compound employed to give the desired concentration 
of nitrogen was added and the cultures were incubated for 21 days at 28®C. 
Because of the number of compounds employed and the necessity of repeating 
the experiments with each several times, a standard concentration of 100 
p.p.m, of nitrogen was adopted. This amount of nitrogen greatly exceeds that 
found in the average soil combined in any single compound. 
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After incubation the cultures were examined as follows: 

Visual growth was observed; tests were made for ammonia and amino acids in the cultures, 
and for indole where the nature of the culture solution suggested their possible presence: 
tests were conducted for ammonia lost during incubation; finally, total nitrogen determina- 
tions were made, and the nitrogen fixed was calculated by subtracting the nitrogen content 
of the control cultures from that of the test cultures. 

The observation of the amount of growth in the cultures may show that the 
increase of Azotobacter growth is greatly in excess of the increase of nitrogen 


TABLE 3 

Influence of combined nitrogen on the growth of Azotobacter in a fluid inedium 


ICEDlUlf 

Al 

STBAINS OF / 

A3 

kZOTOBACTER 

A4 

Am 

No combined nitrogen 

2x* 

2x 

2x 

2x 

Bacto-peptone 

4x 

4x 

3x 

4x 

Nucleic acid 

2x 

2x 

2x 

2x 

Tr^Titophane 

2x 

2x 

2x 

2x 

Tyrosine 

2x 

2x 

2x 

2x 

Glutamic acid 

2x 

2x 

2x 

2x 

Aspartic acid 

3x 

3x 

3x 

3x 

Cysteine hydrochloride 

3x 

3x 

3x 

3x 

Cystine 

2x 

2x 

2x 

2x 

Glvcocoll 

3x 

3x 

3x 

3x 

Creatine 

3x 

3x 

3x 

3x 

Creatinine 

3x 

3x 

3.\ 

3x 

Urea 

4x i 

4x 

2x 

4x 

Guanine 

2x 

2x 

2x 

2x 

Ammonium sulfate 

3x 

3x 

3x 

4x 

Ammonium chloride 

4x 

3x 

3x 

3x 

Ammonium carbonate 

4x 

3x 

3x 

4x 

Ammonium phosphate 

4x 

3x 

3x 

4x 

Ammonium nitrate 

4x 

4x 

3x 

4x 

Sodium nitrate 

3x 

4x 

2x 

4x 

Potassium nitrate 

3x 1 

3x 

3x 

3x 

Indole 



00 

00 

Skatole 

00 

00 

(X) 

00 


* The normal growth of each strain in the medium containing no combined nitrogen is 
reported in table as 2x. 


fixed, or that growth has increased while nitrogen fixation is actually inhibited. 
The production of detectable ammonia from the nitrogenous compounds may 
indicate the ability of Azotobacter to attack the nitrogen compound employed 
in a given culture. If ammonia is liberated slowly, it may be utilized by the 
organism, whereas, if it is formed rapidly, it may escape from the alkaline 
solution during incubation. In that case, the test for ammonia lost during 
incubation would be useful. In cultures containing amino acids as such, in- 
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eluding peptone, the amino acid test should determine the amount of the 
amino acid remaining unused and thus indicate the ability of Azotobacter to 


TABLE 4 

Amount of ammonia nitrogen detected in fluid cultures of Azotobacter in the presence of combined 

nitrogen 


MEDIUM 

At 

STEAINS OF 

A3 

iZOTOBACTER 

A4 

Am 

No combined nitrogen 

00 

00 

00 

00 

Bacto-peptone 

1.4 

3.6 

2 8 

1 2 

Nucleic acid 

Trace 

Trace 

Trace 

Trace 

Tryptophane 

Trace 

Trace 

Trace 

Trace 

Tyrosine 

Trace 

Trace 

Trace 

Trace 

Glutamic acid 

Trace 

Trace 

Trace 

Trace 

Aspartic acid 

Trace 

Trace 

Trace 

Trace 

Cysteine hydrochloride 

4.2 

1.4 

2.1 

5 6 

C3^tine 

1 4 

1.4 

0 0 

2 1 

Glycocoll 

2.1 

1.4 

2 1 

2 8 

Creatine 

Trace 

Trace 

Trace 

Trace 

Creatinine 

2 1 

2.1 

1 4 

2 1 

Urea 

-1 

-0 4 

-1.1 

-0 4 

Guanine 

Trace 

Trace 

I'race 

Trace 

Ammonium sulfate 

-0.8 

-1.2 

-0 4 

-1 5 

Ammonium chloride 

-1.7 

-1.2 

-1 4 

-1 4 

Ammonium carbonate 

0 0 

-0.4 

0 0 

-0 4 

Ammonium phosphate 

-0 5 

1 -0 5 

-0 5 

-0 7 

Ammonium nitrate 

-1 5 

-0 5 

-0 5 

-0 8 

Sodium nitrate 

0 0 

Trace 

Trace 

0 0 

Potassium nitrate 

0 0 

0 0 

0 0 

0 0 

Indole 

0,0 

0 0 

0 0 

0 0 

Skatole 

0 0 

0 0 

0 0 i 

0 0 


The minus sign indicates that less ammonia was detected in the test cultures than in the 
control cultures. 


TABLE 5 


Amount of amino acid nitrogen remaining in fluid cultures of Azotobacter after 21 days* incubation 


ASliUV's MEDIUM, PLUS 


AMINO ACID NIIHUCEN 


Bacto-peptone 
Nucleic acid. . 
Tryptophane 
Tyrosine. . 
Glutamic acid. 
Aspartic acid. 
Glycocoll 


Trace 

None 

One-half remained 
Practically all remained 
One-third remained 
None remained 
Trace 


* The table represents only those cultures which had an amino acid or peptone included in 
the culture solution, since no amino acid nitrogen was detected in any of the other cultures 
of the series. 
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Utilize amino acids. The total determination of fixed nitrogen is the main 
object of the investigation and needs no further explanation. 

The results of the various tests are shown in the tables 2 to 6. Nitrogen 
fixation, which is the main objective of the experiments, is shown in table 2, 
growth in table 3 , ammonia detected in cultures in table 4, amino acids in 
table 5, and ammonia lost during incubation in table 6. No indole was de- 
tected in any of the cultures. 


TABLE 6 


Amount of ammonia lost from fluid cultures of Azotohacler during incubation 


Hhniuiic 

UGM or AUMONIA LOST PER 100 CC. 

OF CULTURE 

No combined nitrogen 

No loss demonstrated 

Bacto-peptone 

Average less than 0.1 mgm. 

Nucleic acid 

No loss demonstrated 

Tryptophane 

No loss demonstrated 

I'yrosine 

No loss demonstrated 

Glutamic acid 

No loss demonstrated 

Aspartic acid 

Average 0.8 mgm. 

Cysteine hydrochloride 

No loss demonstrated 

Cystine 

No loss demonstrated 

OlycocoU. . , ... . , , 

No loss demonstrated 

Creatine 

Average 3.2 mgm. 

Creatinine. . . 

Average 0.4 mgm. 

Ui^a . . 

Average 1.7 mgm. 

Guanine 

No loss demonstrated 

Ammonium sulfate . . . 

Average less than 0. 1 mgm 

Ammonium chloride ... 

No loss demonstrated 

Ammonium carbonate 

No loss demonstrated 

Ammonium phosphate 

Average less than 0.1 mgm. 

Ammonium nitrate 

Average 0.4 mgm. 

Sodium nitrate . 

No loss demonstrated 

Potassium nitrate 

No loss demonstrated 

Indole ... . . ... 

No loss demonstrated 

Skatole 

No loss demonstrated 


REVIEW OF DATA 

Of the organic nitrogenous compounds employed, nucleic acid, tryptophane, 
and tyrosine did not exert any marked effect on the amount of nitrogen fixed 
by Azotobacter; nor was there any noticeable influence on the quantity of 
growth. The slight depression of nitrogen fixation suggests that the com- 
pounds may have been slightly utilized to furnish nitrogen for the use of the 
organism. 

Peptone had a marked effect, resulting in an increase of growth and a definite 
depression of nitrogen fixation, as was shown by comparison with the nitrogen 
fixation by the same organism in a medium that was free from combined nitro- 
gen. Commercial peptone contains many simple decomposition products of 
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protein digestion which may have been responsible for the pronounced influence 
on Azotobacter growth and activity. 

Guanine, cystine, and glutamic acid depressed nitrogen fixation. This was 
especially true of glutamic acid. Growth was not influenced. There was no 
other evidence that any of these compounds was attacked by the organism. 
Cystine exercised the least effect of the three. It vras probably present in 
very small quantities because of its limited solubility in the medium. 

Aspartic acid, cysteine hydrochloride, glycocoll, creatine, creatinine, and 
urea all produced increased growth and caused marked depression of nitrogen 
fixation. With the last three there was actual loss of some of the original 
nitrogen of the medium. 

Indole and skatole, in the concentrations employed, were decidedly toxic 
to Azotobacter. 

Apparently all of the inorganic compounds were available for use by Azoto- 
bacter, growth in the liquid cultures being greatly stimulated by their presence. 
Nitrogen fixation was almost equal to that observed in media containing no 
combined nitrogen, with the exception of the experiments in which ammonium 
sulfate and potassium nitrate were employed. A marked exception to this 
rule was the behavior of organism Am. Nitrogen fixation by this strain was 
decidedly reduced by all of the inorganic nitrogenous salts except ammonium 
chloride. With potassium nitrate some of the original nitrogen was lost in 
cultures of Am. This loss was the greatest noted in any of the cultures in 
which combined nitrogen was employed. 

A comparison of the growth of Azotobacter in the presence of inorganic 
nitrogenous salts with the amount of nitrogen fixed indicates that the metabolic 
efficiency of the organism was greatly inhibited. 

Definite quantities of ammonia were detected in cultures containing pep- 
tone, cysteine hydrochloride, glycocoll, and creatinine. It seems probable 
that this ammonia resulted from decomposition of the compounds by Azoto- 
bacter, and that if the evolution of ammonia is slow enough, the organism will 
utilize it for conversion to protoplasmic mtrogen. No ammonia was observed 
in cultures con^taining creatine, in spite of other evidence that Azotobacter had 
utilized this substance. 

The loss of ammonia from cultures containing creatine was the greatest 
observed among the experiments. Probably the material vras attacked so 
vigorously that the ammonia escaped from the medium before it could be 
utilized. Some ammonia was also lost during incubation from cultures con- 
taining aspartic acid, creatinine, urea, and ammonium nitrate. 

GENERAL DISCUSSION 

The ability of Azotobacter to fix atmospheric nitrogen in the complete 
absence of combined nitrogen was definitely demonstrated with four different 
strains in the first experiment. It seems reasonable to assume that other 
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strains of the organism would possess the same power. Although it is improba- 
ble that laboratory air, under ordinary conditions, would contain a measurable 
quantity of ammonia or nitrous acid at any one moment, the exposure of the 
cultures to minute amounts of these substances over a 3-w^eek incubation 
period may have a decided influence on the behavior of the organisms. The 
present experiments were carried out, therefore, in an atmosphere free from 
combined n itrogen . 

In considering the influence of combined nitrogen in the medium on growth 
and nitrogen fixation by Azotobacter, the results obtained do not agree entirely 
with those reported by Hills (13), who found that nitrogen fixation was stimu- 
lated by the presence of ammonium, sodium, and potassium nitrates. No such 
stimulus was observed in this investigation. Hills’ experiments were carried 
out in soil w'hich naturally may be expected to contain some nitrates, with a 
consequent complication of results. Another factor in his work w^hich seems 
worthy of coasideration is the interpretation of the relation of the quantity 
of grow'th to nitrogen fixation. He reported that growlh w^as stimulated by 
the presence of nitrates. If the total-nitrogen figure is considered alone, it 
can be said that nitrogen fixation w'as stimulated. If the efficiency of the 
individual organism is considered, then it is logical to conclude that the nitro- 
gen fixation by each individual cell w^as inhibited. 

Reed and Williams (25) found that urea, glycocoll, and creatinine were only 
slightly depressive in their effect on nitrogen fixation. In the present investi- 
gation creatinine and creatine were both readily utilized and the nitrogen- 
fixing fundion entirely suspended. Reed and Williams do not appear to oUer 
any evidence, other than the effect on nitrogen fixation, to indicate that Azoto- 
bacter is able to attack these substances. 

Zoond (37) stated that minute traces of [)otassium nitrate, tyro.sine, and 
Racto-pieptone depressed nitrogen fixation by Azotobacter cultures. The 
j>resent findings do not agree in the instance of tyrosine, w hich had little or no 
effect. 

The possible influence of some other factor than nitrogen, such as the sulfur 
of ammonium sulfate, cysteine, and cystine, must be considered in the inter- 
pretation of results. Greaves (8) states that azofiers require sulfur for the 
formation of the i>rotein material of their bodies. 

Ronazzi (4) states that it is a common experience to observe an increase of 
Aztobacter grow th in the presence of nitrates. On the other hand, Waksman 
(33) suggests that among the reasons for the decreased fixation of nitrogen by 
Azotobacter in the presence of nitrates is the toxic effect which the nitrate 
salts exert on Azotobacter growth. The results obtained in this investiga- 
tion indicate that nitrates are not toxic in quantities likely to be encountered 
in normal soil. Hills’ (13) w ork agrees wdth this statement. 

It w’as observed in these experiments that indole and skatole are toxic to 
Azotobacter in the concentrations used. Reed and Williams (25) report 
the same result w ith skatole. They do not report any experiments with indole. 



232 


JAMES E. FULLER AND LEO F. RETTGER 


The fact that these compounds are toxic for Azotobacter in relatively small 
quantities suggests the possibility that they may exercise the same effect in 
soil at times, as they are likely to be present as decomposition products of 
protein. 

A survey of the findings of the foregoing experiments suggests that Azoto- 
bacter will utilize available combined nitrogen where possible instead of follow- 
ing the more laborious process of fixing free nitrogen. One is reminded of the 
opinion expressed by Bonazzi (4), that Azotobacter has the power to fix free 
atmospheric nitrogen, but that the function is only operative in case of neces- 
sity, and not always, or even often, for the benefit of man. 

Table 2 .shows that the behavior of strain Am in the presence of ammonium 
carbonate, ammonium phosphate, ammonium nitrate, sodium nitrate, and 
potassium nitrate is very different from that of the other Azotobacter strains 
employed. This fact suggests that care .should be used in making general 
assertions regarding the behavior of Azotobacter from data obtained with a 
few strains. 


SUMMARY 

y Azotobacter appears to be able to fix substantial quantities of free atmos- 
pheric nitrogen when cultivated in a medium which is free from combined 
nitrogen and in an atmosphere which is free from ammonia and nitrous acid. 

Azotobacter did not attack blood serum or gelatin. 

Nucleic acid, tr> 7 >tophanc, and tyrosine depressed nitrogen fixation slightly, 
and did not influence the growth of Azotobacter. 

•-Peptone increased the growth of the organism, but decreased nitrogen 
fixation. 

Glutamic acid, aspartic acid, cysteine hydrochloride, and glycocoll apiieared 
to be readily utilized by Azotobacter. Nitrogen fixation was definitely de- 
pressed, however, and in some cases some of the original nitrogen was lost. 
Growth was increased in all cultures. 

Cystine had little effect, probably because of its limited solubility in the 
medium. 

Creatine, creatinine, and urea caused increased growth in most of the cultures, 
but depressed nitrogen fixation almost entirely, In some of the cultures there 
was loss of some of the original nitrogen. Guanine caused depression of nitro- 
gen fixation, but did not influence growth. 

Indole and skatole were toxic in concentrations as low as 50 p.p.m. of nitro- 
gen equivalent. 

>»^mmonium sulfate and potassium nitrate depressed nitrogen fixation and 
at the same time increased growth. 

Ammonium chloride, ammonium carbonate, ammonium phosphate, amo- 
nium nitrate, and sodium nitrate produced a greatly increased growth in a 
majority of the cultures, and only a very slight depression of nitrogen fixation, 
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except in some of the cultures of strain Am. When the amount of growth is 
correlated with nitrogen fixation, a relative depression of fixation is apparent. 

The following general observations seem to be justified : 

The more complex organic compounds, except peptone, do not seem to be actively attacked 
by Azotobacter, and consequently the growth and nitrogen-hxing activity of the organism arc 
not much inlluenced. The presence of simple nitrogenous compounds in commercial peptone 
is in all probability responsible for the results observed. 

The simpler organic substances, including the lower amino acids, and the inorganic com- 
pounds seem to be utilized easily by Azotobacter, with the result that growth is increased and 
nitrogen fixation either relatively or actually depressed. 

Where there is adequate evidence that the combined nitrogen is available for Azotobacter, 
it appears to be used in preference to the more lalK)rious process of fixing free atmospheric 
nitrogen. 
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A large sand culture apparatus designed to permit the growing of compre- 
hensive groups of crop plants to mature stages under comparable conditions 
is here described. Empirical proofs showing that plants differ greatly in their 
nutritional requirements, tolerances, and absorption rates, indicate a need for 
a suitable method for obtaining comparative information of this kind for the 
more important plants and the essential and toxic elements. The apparatus 
here described has been used for the past year at this laboratory in a study of 
the growth reactions of crop plants to different concentrations of boron. The 
equipment has been found satisfactory for the purpose indicated and it seems 
probable that it may be applicable to other nutritional studies as well. 

In the boron work, outstanding differences have been found not only in the 
requirements and tolerances of the plants compared but also in the amounts 
of boron which the different plants absorbed. Information so gained has 
proved to be of direct value in itself and it is providing a basis for the interpreta- 
tion of field observations. A knowledge of the relative behaviours of the differ- 
ent plants is likewise helpful in the selection of test plants best suited for criti- 
cal studies of significant physiological differences and of factors which 
influence boron tolerance. 

Many of the sand culture methods which have been described in the past 
require an apparatus which is not only elaborate in construction but which is 
exacting in the amount of attention and time necessary for its maintenance and 
manipulation. None of the methods with which tlie wTiter was familiar 
avoided the difiiculties encountered in the use of a large number of individual 
pots. If individual pots are used for each of the different plants compared it 
is practically certain that the concentration of the ion of interest will var}'' 
around a different mean in each of them. These inequalities can be reduced 
by the use of large volumes of culture solution but the replacements of the cul- 
ture solutions necessarily must be frequent since plants of different size and 
kind have different transpiration and absorption rates. The sand culture beds 
showm in figure 1 and plate 1 provide a rapid and simple method for the daily 
or more frequent replacement of culture solutions, and in the large sand beds 
space is available for extensive spreading and overlapping of roots. This over- 
lapping of roots in the culture medium, which is common to all of tlie plants 
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receiving the same treatment, serves to equalize the concentration of the solu- 
tion available to the different plants between the successive replacements. 

Information of the general type indicated may be obtained in some cases 
from differently treated field plots, but under field conditions there are numer- 
ous uncontrolled factors, and uncertainties are introduced by soil heterogeneity, 
chemical reactions in the soil, and by the vertical distribution of the element 
in question in relation to the root systems of the different plants. Soils with 
initial characteristics which cause them to be at once suitable for studies on 
the effects of both a minimum and a large amount of a particular element are 
usually difficult to find. 


SAND CULTURE APPARATUS 

A set of five sand beds is shown in plate 1 as they have been set up and used 
at this laboratory. A line sketch illustrating one of the beds with its solution 
barrels and plumbing is shown as figure 1. 

In operation the procedures are as foUows: A cloth bag is suspended through 
the opening of the lower of the two barrels and into this bag are placed the 
weighed portions of the different salts required for the nutrient solution. 
Water is then allowed to flow from a hose through this bag until the salts are 
dissolved and the barrel is filled. It is desirable to add the readily soluble 
calcium nitrate to the bags after the other salts have been dissolved. With 
the valves at A and B closed the contents of the lower barrels are drawn into 
the upper barrels by exhausting the air from the latter by means of an air line 
connected to a filter pump on a faucet at one of the laboratory sinks. This air 
line is common to each of the five barrels and no valves are used. About one 
hour is required for lifting the solutions from the lower to the upper barrels. 
To flood the sand beds the valves at B and C are closed and those at A are 
opened. The whole of the solution in the upper barrel can be passed through 
the sand by opening the valves at C slightly as soon as the culture solution 
has reached the surface of the sand. The by-pass, with valve B, is necessary 
only when the beds are flooded from below, which should be done occasionally 
to prevent the sand from becoming compacted in the beds. 

The frequency with which the culture solutions are discarded, by allowing 
them to escape through valve D, is dependent upon the character of Uic ex- 
periments. As the boron experiments are conducted the beds are flooded daily 
with the same solution for from 12 to 8 days during the seedling stages but as 
the plants become larger and their transpiration rates increase, new solutions 
are substituted for the old as often as every five days. It has been found that 
the original boron concentrations can be maintained in the solutions for a week 
or longer by adding sufficient water to replace three-quarters of the daily trans- 
piration. The rate of boron absorption by plants is dependent, however, upon 
a number of factors and though good growth can be maintained for consider- 
able periods by replenishing the solution with water it has not been considered 
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desirable in the boron experiments to add more than a total of 50 gallons of 
water to any of the solutions before they are discarded. 

Daily conductivity measurements made on samples collected from the lower 
barrels provide a convenient method for following the changes in concentra- 
tions which take place in the culture solutions with use. Or, if an easily de- 
terminable ion is of primary interest, a daily analysis will indicate the amount 
of water, or of the element, which should be added to a solution to bring it 


.'l/4-in.alr line 
to filter ptunp 



Fig. 1. Section of Sand Culture Apparatus, Showing Sandbed, Solution Barrels, 

AND Plumbing 

back to its original strength. Although it has not been tested, it appears 
probable that a sample collected from valve D before C is opened should be 
closely representative of the solution displaced from the sand after a day’s use. 

With beds of the dimensions indicated, approximately 25 gallons of nutrient 
solution is required to flood the sand in a bed after it has been once brought to 
saturation and drained. Starting with an air-dried sand, a full barrel, 50 
gallons, is needed for the first flooding. 



238 


FRANK M. EATON 


A culture solution which has been used and found satisfactory for the growth 
and maturity of most of the crops tested is as follows: 


Ca(NOj) *241130 6 millimoles per liter, 268.1 gm. per 50 gallons 

MgS04*7H80 3 millimoles per liter, 139.9 gm. per 50 gallons 

KH2PO4 3 millimoles per liter, 77.3 gm. per 50 gallons 

Mn as MnCls. 0.5 p.p.m., 0.22 gm. per 50 gallons 

B as HsBOs. 1 p.p.m., 1.08 gm. per 50 gallons 


In addition, 20 cc. of a 5 per cent solution of iron tartrate is added to each 
barrel each time the beds are flooded. 

The details of size and arrangement of the apparatus can, of course, be varied 
to meet individual needs. The tanks as used in this laboratory were con- 
structed in a sheet metal shop on the following specifications: 

Five 20‘guage, rust resistant tanks. — ^Thes^ tanks are to be 12 feet long and 18 inches wide. 
The depth at the sides is to be 11 inches and at the center line 12} inches. The top of each 
tank is to be reinforced with 1-inch angle iron which is to be riveted in place and covered by 
bent-over extensions of the galvanized iron of the tanks. A 1-inch angle iron tie rod is to be 
placed across the tops of the tanks and riveted to the side angle irons at 4 feet from each end 
of the tanks. Along the center line of the bottoms of the tanks there are to be 3 rows of 
}-inch holes. These rows are to be }-inch apart and the holes in the rows 2 inches apart. 

Roll on bottom 0 * each tank. — \ 2-inch galvanized iron roll is to be soldered and riveted to 
the bottom of each tank. Galvanized pipes in rolls. — A j-inch galvanized pipe with a I-inch 
hole drilled through at each 8 inches is to be supplied and secured in each roll as follows: 
These pipes, 148 inches long, are to have a 2 inch running thread at each end which will 
extend through holes in a 16-guage plate which has been riveted and soldered to the ends of 
the rolls and tanks. Soldered to the plate at one end of the tank there is to be a 1 inch waste 
nut. A 1 inch by f-inch bushing is to be screwed over the end of the pipe and into this waste 
nut. The pipe at the other end of the tank will be secured in place with a gasket and lock- 
nut, leaving 2 inches of projecting pipe at each end. Before each pipe is finally secured in 
place, the holes in the end plates are to be closed with stoppers and a quart of asphaltum paint 
pored into the roll. The tanks are then to be tipped and rolled until all exposed metal within 
the rolls is covered. The galvanized pipe and the inside of the tank and the outside seams are 
to be given a good coat of asphaltum paint. 

Before the beds were filled with sand a strip of asphaltum painted SO-mesh 
copper screen was laid over the holes in the bottom of the tanks and on top of 
this was placed 2 inches of pea gravel. Clean quartz sand, sufficiently fine for 
all but a small fraction to pass a 40-mesh screen, was used to fill the beds. The 
screen and gravel used in ffie bottoms of the tanks effectively prevent sand from 
passing into the rolls or drain pipes. The i inch galvanized pipe at the sur- 
face of the sand is provided wiffi an | inch hole at each 6 inches. These holes 
are set at an angle of 45® with the sand. 

The cost of each of the units including the tank, two SO-gallon barrels, 
plumbing, plumbing supplies, supports, and labor of setting up, was $75.00, of 
which amount the cost of each of the tanks constructed according to the above 
specifications was $35.00. The beds were set on frames constructed of 2 inch 
by 6 inch lumber, supported by hollow tile as shown in plate 1. The barrels 
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were mounted on a frame constructed of 2 inch by 12 inch lumber similarly 
supported with hollow tile. 

The apparatus described was designed for experimental use in the open but 
it appears that it might be well suited for purposes of propogation in green- 
houses in place of soil benches, particularly when a ready means of soil steriliza- 
tion by steam or chemicals is essential. For such a purpose the supply barrels 
could be located in a comer of the headhouse and if the water was regularly 
added to replace that lost by transpiration, only an occasional renewal of the 
entire culture solution would be necessary. Under such conditions the size 
of the sand beds, relative to the capacity of the supply barrels, could be 
increased. 
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PLATE 1 

Sand Beds as Set Up and Used at t!ie Rubidoux Laboratory, Riverside, Calif. 

The culture solution used in the bed in the foreground contained 25 p.p.m. of boron. This 
quantity of boron was suihcient to kill a number of the plants tested and to reduce greatly the 
growth of many. 
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Tropical Soil Forming Processes and the Development of Tropical Soils — With 
Special Reference to Java atid Sumatra, By E. C. J. Moii». 

This was originally published in Dutch, but has been translated to the 
English by Dr. Robert L. Pendleton, professor of soil technology. College of 
Agriculture, University of the Philippines, and published in mimeographed 
form as Experiment Station Contribution No. 655. It consists of 213 pages 
including an excellent index. The first 52 pages discuss processes of soil forma- 
tion under tropical conditions. The rest of the publication describes the char- 
acter of the soils together with a discussion of their formation throughout Java 
and Sumatra. 

Charles F. Shaw, 


^Principles of Agrobiology^ or the Laws of Plant Growth in Relation to Crop 
Production. By Oswin W. Willcox, Ph.D. Palmer Publishing Corp., 
Inc., 153 Waverly Place, New York, 1930. Cloth, 96 pp., double column, 
figs. 54. 

In this book, designed as a text for practicing agronomists and teachers and 
students of crop nutrition, the author erects agrobiology as an essentially new 
science covering ‘That division of agricultural science which considers the 
general external relations of crop plants to their environments and their reac- 
tions as massed colonies to the action of growth factors.” The laws referred 
to in the subtitle are the laws of: constancy of types; definite growth powers; 
universality of essential growth factors; constancy of the action of growth 
factors; joint action of growth factors; definite optima; diminishing increments 
of yield; increasing increments of yield; concentration law of growth factors; 
logistic law of crop growth; action law of growth factors; effect law of growth 
factors; homologous yield curves; conflicting attributes of growth factors; the 
real law of the minimum; calorific duty of vegetable nitrogen; and crop-fer- 
tilizer ratios. All of these laws are objectively illustrated by examples from 
crop records and large-scale investigations. Concepts new to the literature of 
crop growth are the limits to the action of growth factors and the correspond- 
ing limits to crop growth; the differentiation of subultra and perultra crop 
plants; the definition of perfertile soil, perultimate yield, and satiation pres- 
sure (growth inertia); the absolute scale of the growth power of plants; the 
calorific duty of vegetable nitrogen; and a plant physiological explanation for 
the law of diminishing increments of yield. Quite enough, seemingly, to 
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justify the separation of agrobiology as a distinct and entirely new branch of 
the science of plant life. Fertilizer statics, or the maintenance of soil fertility, 
is treated in the light of the Mitscherlich effect law. The mathematics of the 
Mitscherlich and the Spillman yield equations and their practical applications 
are treated in an appendix. 

M. Ludtke. 





iKartinufi! ?lISIillem petjerinck 

1851-1931 

In a country home, close to Gorssel, in the eastern part of Holland, died, on 
January 1 of this year, Prof. M. W. Beijerinck, whose work in the field of 
microbiology in general and of soil microbiology in particular is of the greatest 
theoretical and practical importance. 

Beijerinck’s first outstanding scientific contribution was of a botanical 
nature, on a subject bordering between botany and microbiology, namely, his 
work on the plant galls, which appeared in 1877. His interest in microbiology 
was aroused in 1885 when he was invited, at the recommendation of Hugo de 
Vries, by the Netherland Yeast and Alcohol Factory to undertake a series of 
studies of the growth of microorganisms. This resulted in an investigation, 
published in 1887, on the r6Ie of free oxygen in the life processes of the organ- 
isms bringing about fermentation. In this work he was a direct successor of 
Pasteur, who 25 years previously had elucidated the principles of anaerobiosis 
as ^‘life without oxygen.’^ 

It was, however, in 1888, that Beijerinck announced to the world the isola- 
tion of a bacterium concerned in the formation of nodules on the roots of 
leguminous plants, the now famous Bacillus radicicola. This was the first of a 
series of brilliant contributions to the subject of soil microbiology, which has 
helped in attracting universal attention to the r61e of microorganisms in soil 
processes and plant growth. 

In 1895, Beijerinck was appointed professor of bacteriology at the Poly- 
technical School in Delft. It was in this laboratory that the most outstanding 
work in microbiology by Beijerinck and his pupils and associates, who came 
to him in increasing numbers, was carried out. The investigation of the sul- 
fate-reducing bacteria {Spirillum destdfuricans) appeared in 1896, of Azoto- 
hooter in 1901, of the sulfur-oxidizing bacteria {Thiohacillus group) in 1903, of 
the bacteria bringing about denitrification in 1903, all of which are of the 
greatest importance in soil science. In addition to these, Beijerinck’s investi- 
gation^ dealt with the butyl alcohol and butyric acid bacteria, the lactic acid 
and acetic acid bacteria, the microbes active in the retting of flax, the micro- 
organisms of kefir, as well as with the nutrition of algae, amoebae, yeasts, and 
fungi, embracing nearly every branch of microbiology. Plant pathology bene- 
fited considerably not only from his work on the root galls, but also from his 
study of the contagious nature of “gummosis” (1882), as well as of the mosaic 
in tobacco plants ('^contagium vivum fluidum”)- 

Beijerinck will always be considered in the history of microbiology as a 
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pioneer who opened up numerous fields of investigation. In this respect, he is 
a direct descendant of his likewise great countryman Antonie van Leeuwen- 
hoek. His work was progressing so rapidly, and numerous ideas and dis- 
coveries were made in such rapid succession that, although he made several 
attempts to write an all-embracing book, such as the tentative Ecology of 
Microbes, he neVer wrote it. 

Beijerinck’s investigations pointed the way to numerous applications of the 
activities of microorganisms in natural processes. At an age when the microbes 
as pathogenic organisms were attracting universal attention, the work of Beije- 
rinck emphasized the useful functions of the numerous microbes in agriculture 
and in industry. Beijerinck’s contributions to soil science bridged the gap be- 
tween the growth of plants and soil processes, as indicated by his work on the 
root galls and nodule bacteria. Toward the end of his life he returned to botany, 
as indicated by his papers on regeneration of buds and position of leaves. 
Although botany and plant anatomy, microbial physiology and microbial 
ecology will always be indebted to him for his great contributions to the respec- 
tive sciences, it is soil microbiology that has benefited most from the work of 
this man of genius. 

His numerous pupils, his still larger number of friends and visitors who have 
gained from his magnetic personality, and all those who were guided in their 
work by his ideas and discoveries will deplore deeply the loss that science 
suffers from the passing of this indefatigable investigator. 

Selman a. Waksman. 



SOIL ORGANIC MATTER-TEMPERATURE RELATIONSHIP IN 
THE EASTERN UNITED STATES 

HANS JENNY 
University of Missouri 
Received for publication June 7, 1930 

In the Great Plains region and in the prairie-timber transition zone the 
average total nitrogen content of the soil decreases with increasing annual 
temperature in regions of similar precipitation-evaporation ratios (1, 3). 

Since the total nitrogen and the total organic carbon content of the soil 
form a more or less constant ratio, as demonstrated by Sievcrs and Holtz, 
Waksman, and others (5), the organic matter content of the soil should mani- 
fest a similar decrease from north to south in relation to temperature. 

This paper is a report of a study to determine whether a soil organic matter- 
temperature relationship can be observed quantitatively. The region selected 
for this investigation belongs to the eastern United States, including New 
York, New England, New Jersey, Delaware, Maryland, Virginia, North 
Carolina, South Carolina, Georgia, Alabama, and Florida. The parent 
material from which the soils are derived consists partly of igneous and meta- 
morphic rocks, (Piedmont Plateau) and partly of sedimentary deposits 
(Coastal Plains). The native vegetation has been classified by Shantz as 
‘‘southern hardwood forest’’ (oak -pine phase) and ‘‘southeastern pine forest” 
(longleaf-lobl olly-slash pines) . 

Organic matter analyses (total carbon x 1.742) of 18 counties, lying mainly 
within the Piedmont Plateau and the Atlantic Coastal Plain, were taken from 
the Field Operations of the Bureau of Boils 1902 ami 1903. Only predominat- 
ing, well-drained upland soils of loam and sandy loam textures were con- 
sidered. Each point in figure 1 represents the average organic matter content 
of the surface soils of an entire county, which was calculated according to the 
example given in table 1. 

In order to follow the trend of the organic matter-temperature relation 
north of the Piedmont Plateau and Atlantic Coastal Plain, three counties 
from New York and New England were included in this investigation. The 
humidity factors of these counties are somewhat higher, namely N. S. Q.^ 
400-500, than those of the southern counties, which lie between N. S. Q. 
300-400. Consequently in fitting the curve, less weight w’as given to the three 
northern points in the graph, which would make the slope of the curve even 
steeper than that shown in figure 1 (see also table 2). 

* Rainfall divided by absolute saturation deficit of air (2). 
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The correlation ratio, which is considered to be an index of the dispersion 
of the points around the curve, has a value of —0.87 d= 0.036. According to 
the scale of Chaddock, this value indicates a high degree of association be- 
tween temperature and soil organic matter. 



AnnualTempcrature C* 

Fig. 1, Organic Matter-Temperature-Diagram oe Soils from the Eastern 

United States 

Each point represents a “county average” 

The computation of the ^‘calculated values” in table 2 is based on the 
empirical formula: 

O.M. » 6.50 e" 

where O. M. means average organic matter content of the surface soils of a 
county in per cent and T the mean annual temperature of a coimty in degrees C. 

The rule previously observed, that for a fall of lO^C. in annual temperature, 
the average nitrogen content of the soil increases two to three times, is also 
valid for the organic matter content of the soils investigated. At 20°C. the 
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average calculated organic matter content is 0.81 per cent, whereas at 10°C. 
it reaches 2.30 per cent, which is 2.84 times greater than the lower value 
at 20‘’C. 

A very interesting property of the soil organic matter-climate relationship 
becomes evident by comparison of the organic matter figures in table 2 with 


TABLE 1 


Illustration of the method of calculating the average organic matter content of the soils of a county 
Perry County, Alabama. Ann. Temperature 64.5°F. Ann. Humidity factor N. S. Q. 
about 310. 


SOIL TYPES 
(COSTAL PLAIN SOILS) 


Orangeburg sandy 
loam 

Sassafras sandy 
loam 


< 

M 

Cm « 

O < 

ANALYSESjOF OEGANIC MATTER 
CONTENT 

AREA X AVERAGE 

AVERAGE 
ORGANIC MAT- 

g8 

(U 



TER CONTENT 
OF COUNTY 


per cent 

per 

cent 


per cent 

40.2 

0.38,0.70,0.54,0.67 

0 57 

40.2 X 0.57 = 22.91 

27 41 _ 
43.2 

3.0 

2.01, 1.00 

1.50 

3.0 X 1.50 = 4.50 

0.63% O.M. 

43 2 



27 41 



This method of calculation might be called a mathematical ^‘short cut’' of the following 
reasoning: In calculating the average organic matter content of the county, not only the 
organic matter content of the various soil types, but also their area, has to be taken into 
consideration. I'hus, in the above example the county organic matter content, if based solely 


on the analyses or the two soil types, is 


0.57 + 1.50 
2 


1 .035 per cent, which is not a fair value, 


because the abnormally high organic matter value of the unimportant soil type Sassafras 
sandy loam receives too large a share in forming the county average. This error is corrected 
by using t he area of the soil types as “weight." In the above case, the area of Perry County 
is 487,744 acres. The Orangeburg sandy loam occupies 40.2 per cent, or 196,073 acres, the 
Sassafras sandy loam 3.0 per cent, or 14,<)32 acrcas. The organic matter percentage multi- 
plied by 20,000 gives the organic matter content in pounds to the acre, 6| inches deep (2 
million pounds of soil), which is 11,400 pounds for the Orangeburg sandy loam and 30,000 
pounds for the Sassafras sandy loam. Multiplying pounds of organic matter to the acre by 
the number of acres gives the total amount of organic matter present in the entire area of the 
respective soil types. Hence, for Orangeburg sandy loam: 11,400 X 196,073 = 2.235 X 
10® pounds, and for the Sassafras sandy loam: 30,000 X 14,632 = 0.439 X 10® pounds. The 
210,705 acres (both soil types together) contain therefore 2.674 X 10® pounds of organic 
matter, or one acre contains 2.674 X 10® divided by 210,705 = 12,691 pounds to the acre. 
Dividing this value by 20,000 converts the pound to the acre value into the percentage figure, 
which gives 0.63 per cent organic matter. 


the nitrogen values of the timber soils from the Middle West, which were 
published previously (1, p. 176). The timber soils of Wisconsin, Illinois, 
Western Kentucky and Tennessee, and Mississippi are subject to annual 
climatic conditions similar to those of the Atlantic Coast States, consequently, 
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one might also expect a certain conformity within the soil organic matter 
constituents of the two regions. Several calculated nitrogen averages of 
midwestern timber soils are shown in column 3 of table 3; the climatically 
corresponding organic matter figures from the eastern soils are listed in colunm 
4. Division of the latter values by the conventional humus factor 1.742 
gives the percentages of total organic carbon (column 5). If one divides now 
the carbon figures of the eastern soils by the climatically corresponding 
nitrogen figures of the midwestern soils, one obtains a surprisingly constant 

TABLE 2 


Summary of organic mailer values 






U 

S § 

AVERAGE ORGANIC MATTER CONI ENT 
OP LOAMY SOILS PER COUNTY 

ANNUAl. 

TEHPEKA- 

TUHE 

STATE 

COUNTY AKEA 

pd t/> 

P 

O M 

M M 

M ^ 

gw 

Glaciated 

region 

Piedmont 

region 

Costal 

plain 

Calculated 

value 

Deviation 

•F. 

46.7 

00 o 

New York 

Syracuse 


8 

per 

cent 

3.35 

per 

cent 



+0 57 

48.2 

9 00 

Connecticut Valley 


7 

2.16 



2 55 

-0.39 

48.4 

9 11 

New York 

Big Flats 

2 

6 

2.51 



2 52 

-0 01 

52.1 

10.67 

New York 

Long Island 

3 

7 



2.43 

2 03 

-f 0 40 

53.6 

12 00 

New Jersey 

Trenton 

5 

14 


2.18 

1.82 

1.87 

+0 31 

53 8 

12.17 

Virginia 

Leesburg 

6 

13 


1.27 


1 83 

-0 05 
-0 56 

55 0 

12,78 

Delaware 

Dover 

2 

5 



1.37 

1.72 

-0 35 

55.8 

13.22 

Virginia 

Albemarle 

2 

5 


1.74 


1 64 

+0 10 

56 0 

13.30 

Maryland 

Worcester 

2 

6 



1 42 

1 63 

-0 21 

58.7 

14 83 

N. Carolina 

Hickory 

2 

6 


1 09 


1.39 

-0 30 

59.1 

15 06 

S. Carolina 

Campobello 

1 

2 


1.09 


1.36 

-0.27 

59.4 

15 22 

Virginia 

Norfolk 

3 

9 



1.79 

1 33 

+0 46 

61.9 

16.61 

N. Carolina 

Graven 

2 

6 



0 98 

1.16 

-0.18 

62 5 

16.94 

S. Carolina 

Darlington 

5 

9 



1 22 

1.12 

4-0.10 

63.9 

17.72 

Alabama 

Perry 

2 

6 



0 63 

1.03 

-0 40 

64.9 

18.28 

Georgia 

Fort Valley 

2 

4 



1.27 

0.97 

+0 30 

67 0 

19.44 

Alabama 

Mobile 

3 




0.95 

0.86 

-f 0 09 

68 0 

20.00 

Florida 

Gadsden 

3 




1 06 

0 81 

4-0 25 


value of about 10.8 (column 6) which represents the well-known carbon- 
nitrogen ratio. In other words, the eastern organic matter-temperature 
curve and the midwestern nitrogen temperature curve are identical in that they 
differ only by a constant, the C/N ratio times 1.742. Multiplying, for ex- 
ample, the calculated average nitrogen content of central Illinois timber 
soils, which is 0,122 per cent N (at 10®C.),by 10.8 x 1.742 results in an organic 
matter content of 2.29 per cent. The corresponding organic matter value of 
the eastern soils at 10®C. is 2*30 per cent. ITiis close agreement is undoubtedly 
due to the fact that all of the calculated figures are based on averages of large 
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regions. Taking observed data of smaller areas instead of calculated regional 
averages, naturally makes the agreement less close. For the particular 
district of Illinois in question, the analytical averages read as follows: N = 
0.124 per cent; C:N ratio = 11.21, organic matter = 2.42 per cent. The 
difference between calculated and observed organic matter and C:N figures 
amounts to 5.5 per cent. In this kind of work, dealing with so many uncon- 
trolled variables, an agreement within 10 per cent must be considered 
satisfactory. 

In consideration of the great variation in parent material and age of the 
soils of the two regions on the one hand, and the uniformity of the soil organic 
matter conditions on the other, one is led to believe that the nitrogen equilib- 
rium of cultivated soil responds sensitively to the operating climatic factors. 
Within large regions, having a wide range in climatic conditions, temperature, 


TAHLE 3 

Comparhon of the organic matter temperature curve of the eastern United States with the nitrogen 
temperature curve of the Middle West 


TEBIPEHATURE 

CALCirLATED 
NITROGEN Ci)N- 
TENT OF 
MlD-WFSrEKN 
SOILS 

CALCUT.ATE1) 
ORGANIC MATTER 
CONTENT OP 
EASTERN SOILS 

CALCUT.ATKD 
CARBON CONTENT 
OP F. ASTERN 
SOILS. O.M. 

1.742 

CARBON 

NITROGEN RATIO 

(C/N) 





per cent S 

Per cent O.M. 

■■■ 


8 

46 4 

0 148 

2.83 

mEM 

11 0 

10 


0 121 

2.30 


10 9 

12 


0 098 

1.87 

1.073 

10 9 

14 


0 080 

1 52 

0 872 


16 

60 8 

0 066 

1 23 

0 706 

10.7 

18 

64 4 


1 00 

0 574 


20 

68.0 

0 044 

0.81 

0.465 

10 6 

Averace 

10.8 


humidity, and vegetation apparently exert a greater influence on soil organic 
matter constituents of loam soils than does either parent material or age. 

SUMMARY^ 

The organic matter content of surface soils of 18 counties in the eastern 
United States was correlated with annual temperature. It was found that 
with increasing temperature, the organic matter content of the soil decreases 
exponentially. 


® Note during print- In a recent paper on *‘Some carbon-nitrogen relations in soils” {Soil 
Sci. 30: 2vS7-*266, 1930) W. R. Leighty and E. C. Shorey published a scries of nitrogen and 
carbon analyses of cultivated soils from the eastern United States. The data for timbered 
upland soils of loam and sandy loam texture show a pronounced decrease of nitrogen and 
organic matter from north to south as seen from the following table: 
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FOOTNOTE 2 -continued 


Nitrogeftrorganic matter-temperature relativnship in Eastern U nited States^ after data from 

Leighty atid Skorey 


.STATE 

NUMBF.E OF 
ANALYSES 

APPROXIMATE 

ANNUAL 

TKMPERA- 

TljRE 

N ^ 

ORGANIC 

MATTER 

(C X 1.724) 



X, 

per cent 

per cent 

Maine 

1 

4 0 

0,227 

5 17 

Pennsylvania 

4 

11 0 

0 176 

3.12 

New York 

4 

11 2 

0.116 

2.78 

New Jersey 

4 

11 5 

0 125 

2 31 

Virginia 

7 

15 0 

0 074 

1 36 

North Carolina 

6 



1 42 

South Carolina 

4 

17.0 

0 028 

0 92 

Georgia 

4 

18.5 

0 044 

1.15 

Horida 

1 



1.74 
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The chemical composition of a soil depends on the nature of the original 
rock from which the soil is derived, on the nature of the weathering processes, 
and on the length of the weathering. Some idea of the nature of the processes 
may be had by comparing the chemical analyses of the original fresh rock and 
the derived weathered soil. 

It is known, in a general way, that the chief effects of weathering in Hawaii 
are the conversion of aluminum and iron to hydrous oxides and the removal in 
solution of much of the other constituents. 

It is also possible to compare the minerals of the original fresh rock with the 
minerals of the derived weathered soil. Both sorts of comparisons arc under- 
taken in the present paper. 


BASIC DATA 

In order to study such processes one would wish for pairs of analyses of the 
fresh rocks and of the soils derived from them. Such data are lacking. Over 
a hundred superior analyses of Hawaiian basalts have been made, but the 
corresponding soil analyses are lacking. Although several hundred soil 
analyses are available, they were unfortunately made by the inferior process 
of digestion with hydrochloric acid, which leaves much undetermined matter 
in the ‘^insoluble residue.” One might compare the average of a large number 
of soil analyses, if superior ones were available, with the average of the rock 
analyses, but this w’ould be open to the objection that one could not be sure 
that they represented the same material in the rock and in the soil condition. 
Moreover, such averages would integrate the effects of a variety of climatic 
types. 

The best data available for such a study are the four pairs of analyses made 
by Kelley^ on the fresh cores and on the weathered shells of four spheroidal 
boulders from gulches in the Wahiawa region of Oahu. Since all refer to one 
rather small locality they also show the effects of a single type of climate. 

* Kelley, W. P. 1912. The function and distribution of manganese in soils and plants, 
Hawaii Agr. Exp. Sta., Bui. 26. A typographical error in one of the analyses is corrected in 
bulletin 42 of the same series, Composition of Hawaiian Soil Particles, by W. T. McGcorgc, 
1917. 


253 



254 


HAROLD S. PALMER 


These analyses report the amounts of 13 radicals, and appear to have been 
made by the superior method of complete fusion with sodium carbonate. 
These pairs of analyses have the advantage tliat in each pair there has been no 
admixture of mineral or organic matter from foreign sources, consequently the 
weathered shells show precisely what happens to materials having the com- 
position of the core. They have the disadavantage that the soil-forming process 
has not been carried to completion, but they do show the direction in which 
weathering is working. Another disadvantage, namely, that they represent 
only one locality and only one type of Hawaiian climate, is counterbalanced by 
the definiteness for that one locality and climatic type. 


TAIILE 1 

Analyses of rock cores and weathered shells 


SAUICAL 

A 

B 

C 

. D 

E 

F 

G 

H 

I 

J 


percent 

per cent 

Per cent 

percent 

Per cent 

per cent 

Percent 

Percent 

Per cent 

per cent 

SiO* 

52.45 




51.98 

26.82 

52.24 


52.21 

25 78 

AbOs 

11.49 

37.97 


36.27 

15.85 

30.13 


35.28 

13.98 

34.91 

Fe,0, 

3.66 

15.01 

3.36 

14.29 

2 90 

16.86 

3.73 

11.80 

3.41 

14.49 

FeO 

6.90 

3.22 

7.07 

3.31 

6 84 

BS 

5.89 

1.53 

6.63 

2.77 

Mnii04 


0.19 

0.50 

0.43 

0.92 






MgO 

5 81 

0.20 

6.51 


5.61 


5.90 

0.14 

5.96 


CaO 

10.32 

0.33 

8.54 

0.17 

9.57 


9.54 


9.49 

m!mn 

K2O 

0.89 

0.25 


0.24 



0.86 

0.30 

0.89 

0.31 

NasO 

2.44 

0.27 

2.64 

0.31 

2.70 

0.57 

2.65 


2.61 

0.44 

SO, 

0.20 

0.78 


0,49 




0.70 

0.46 

0.63 

PA 

0.38 

0.23 

0.28 

0.34 

0.22 

0.19 

0.11 

0.04 

0.25 

0 20 

TiOa 

4.07 

4.69 


4.84 

1.50 

2.21 

1.50 

2.13 

2.79 

3 47 

HjO 

1.02 

16.84 


15.61 


18 34 




16.46 

Sum 

99.99 











A, C, E, and G — ^Analyses of the four fresh cores of spheroidal boulders. 

B, D, F, and H — ^Analyses of the four corresponding weathered shells. 

I — ^Average of A, C, E, and G. 

J — ^Average of B, D, F, and H. 


The nearest station for which climatological data are available is Upper 
Hoaeae, which has a mean annual rainfall of 34.50 inches. The mean annual 
temperature is 71.8°F. The warmest month (August) averages 75.6° and the 
coldest month (January) averages 67.7°F. A standard U. S. Weather Bureau 
evaporation pan shows an evaporation of about 61 inches a year. 

The four pairs of analyses, as reported by McGeorge, are given in table 1, 
together with averages of the four pairs. 

CHEMICAL INTERPRETATION 

The fresh, original rock and the weathered derived material can be compared 
in two ways. Since rocks Consist of aggregations of grains of one or more 
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minerals, the minerals of the rock can be compared with the minerals of the 
derived material, as one of the methods. The minerals, however, are chemical 
compounds, and a given element is likely to exist in more than one of the min- 
erals of a rock. Chemical analyses show the amounts of the various radicals 
in the rock. The second method, then, is to compare the chemical analyses. 
This will be undertaken first. 

In table 2 the averages of table 1 (I and J) are recast so as to total 100 per 
cent for use in subsequent computations, and also so as to convert Mn 304 to 


TABLE 2 

Chemical changes during weathering 


RADICAL 

K 

L 

M 

N 

0 

P 

Q 

R 


Per cent 

per cent 

per cent 

per cent 

Per cent 

Per cent 

per cent 

per cent 

Si02 

52.13 

25.77 

10.31 

-41 82 


-80.2 


19 8 

AlaOs 

13.96 

34.90 

13.96 

0.00 

0 00 


100 0 

FcoOi 

3.40 

14.49 

5.80 

+2.40 


+70.3 

170.3 

FcO 

6.62 

2.77 

1.11 

-5.51 

-83 2 

16 8 

MnO 

0.58 

0.18 

0.07 

-0.51 


-87.9 


12.1 

MgO 

5.95 

0.14 

0.06 

-5.89 


-99.0 


1.0 

CaO 

9.47 

0.24 

0.10 

-9.37 


-98.9 


1.1 

K2O 

0.89 

0.31 

0.12 

-0.77 


-86.5 


13.5 

NajO 

2.61 

0.44 

0.18 

-2.43 


-93.1 


6.9 

SOs 

0.46 

0.63 

0.25 

! -0.21 


-45.7 


54.3 

PjjOft 

0.25 

0.20 

0.08 

-0.17 


-68.0 


32.0 

TiOa 

2.79 

3,47 

1 39 

-1.40 


-50,2 


49.8 

HaO 

0.89 

16.46 

6.58 


+5.69 


+640.0 

728.1 

Sum 

100 00 

100 00 

40.01 

-68.08 

+8.09 





K — Recast averajte of four fresh cores. 

L — Recast average of four weathered shells. 

M — Preceding recast on the assumption of no change of AbO*. Equals L X 0.4000 *= L X 
13.96 
34.90 

N and O — Losses and gains by weathering in terms of percentage of total fresh cores. 
Equals M minus K. 

I* and Q — Losses and gains in terms of percentage of the amount of each radicle originally 
present. Equals N (or 0)/K X 100. 

R — ^Amount of each radicle remaining in terms of percentage of amount of each radicle 
originally present. Equals M/K X 100, 

the equivalent amount of MnO, the more probable form in which manganese 
enters silicate minerals. 

For the present study the averages of the four pairs of anal 3 ^s are used, since 
a preliminary study showed that the behavior of each pair was much like the 
behavior of the other pairs and of the averages. 

The arbitrary assumption, in computing column M from columns K and L 
of table 2 , that there has been neither gain nor loss of alumina (AI 2 O 3 ) in weath- 
ering, deserves a little discussion. Of the various radicals present, water is 
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the only one for which we can conceive a source that might supply additions. 
Atmospheric oxygen also is undoubtedly added and accounts for the apparent 
increase of ferric oxide (Fe 203 )— much of the ferrous oxide (FeO) is oxidized to 
ferric oxide. There are no conceivable sources for additions the other radicals. 
Columns K and L show that, excepting water and ferric oxide, alumina has 
the highest ratio between its amount in the weathered shells and its amount in 
the fresh cores. This indicates that alumina has suffered the least loss. It is 
very probable that natural Hawaiian waters contain very little alumina, but 
the available water analyses give no evidence on this point. They report 
alumina, if they report it at all, along with ferric oxide, with which it is pre- 
cipitated and weighed in the usual routine. Since some assumption must 
underlie the computations, and since the loss of alumina is the smallest, the 
selected assumption is that there has been no loss or gain of alumina. On 
this assumption, it appears that 100 parts by weight of the original fresh rock 
lose about 67 parts by solution (column N) and gain about 6 parts of water by 
hydration and 1 parts of oxygen by oxidation of ferrous to ferric oxide. Thus, 
100 parts of fresh rock give rise to 40 parts of the weathered material. (The 
total for column N is about 68 whereas the loss by solution just given is 67. 
The total for colunm O is about 8, whereas the gains of water and oxygen just 
given total 7. These discrepancies are due to the shifting of about 1 part of 
iron from the ferrous to the ferric state.) 

Similar studies of other soils have indicated that titania is the most stable 
constituent. Such is not the case with the analyses here studied. Computa- 
tion on the assumption of no change of titania would demand greater increases 
of water and of ferric oxide, and would also demand that the amount of alumina 
be doubled during the weathering and the amount of sulfur trioxide be in- 
creased nearly 11 per cent. It is conceivable that sulfur trioxide might be 
derived from the gypsum in wind-blown spray, but there is no conceivable 
source for even a small part of the large increase of alumina demanded. Ti- 
tania therefore, is less stable than alumina. 

It is probable that if oxidizing conditions prevailed throughout the weather- 
ing process, iron would be as stable as alumina. Under reducing conditions, 
however, iron is less stable than alumina. Leith and Mead* state on the basis 
of their studies of the lateritic iron ores of Cuba and the bauxitic aluminum 
ores of the southern states, that basic rocks under reducing conditions lose 
iron and give rise to bauxite and gibbsite, hydrous oxides of aluminum. Under 
moist conditions, with much vegetation to produce reducing conditions, this 
process removes color producing iron oxides and so gives rather bleached soils 
in places in Hawaii. Under oxidizing conditions the end product of the weath- 
ering of basic rocks is laterite. Leith and Mead ascribe the proverbially rapid 
weathering of basic rocks to the chemical instability of the lime feldspars, of 
the p 3 nroxenes, and of the olivines which weather and are dissolved out, causing 

t Leith, C. K., and Mead, W. J. 1915. Metaxnorphic Geology, p. 37, Henry Holt & 
Co. 
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a porous texture which allows ground water to enter readily and attack other 
mineral grains. 

If the various radicals are considered in the order of decreasing gains, or 
increasing losses, as compared to the amount of the various radicals in the 
fresh, original rock, the relative susceptibility of the various radicals is shown. 

The following may be said in summarizing the chemical changes: 

Water is added in large amounts and is an actual addition. 

Oxygen is actually added, and explains the apparent addition of ferric oxide. 

The lack of any change in alumina, though due to an arbitrary assumption, indicates that 
alumina is the most stable radical in the list. 

Sulfur trioxide and titania decrease to amounts between three-eights and hve-eights of the 
original amounts. 

Phosphorus pentoxide, silica, ferrous oxide, and potash decrease to amounts between one- 
eighth and three-eighths of the original amounts. Manganous oxide falls just a little outside 
this group. 

Manganous oxide and soda decrease to amounts between one-sixteenth and one-cighlh of 
the original amounts. 

Lime and magnesia decrease to about one-hundredth of the amount originally present. 

A check might be had on the foregoing conclusions as to the relative amounts 
of the various radicals removed during the weathering if we could analyze the 
waters that did the removing. This is obviously impossible, but we can ex- 
amine the character of other Hawaiian natural waters. The best data avail- 
able to me for such a check are given by a single analysis of water collected from 
Kalihi Stream, at an elevation of about 470 feet, on August 16, 1928. 

Though these data are the best available at the present moment, it must be 
remembered that they represent a water from a point removed from the water 
that weathered the rock by a distance of some 15 miles and by a time that is 
to be measured in hundreds of years. Moreover the two regions have some- 
what different climates and decidedly different topographic characters. As a 
consequence too close correspondence between them is not to be expected. 

The analysis of the Kalihi water is given in part in column Y of table 3. 
The bicarbonate and nitrate radicals are omitted since they are not included 
in the rock analyses. The ingredients of this water are in part derived by 
solution from the rocks and in part from wind-blown sea salt. It is necessary, 
therefore, to subtract from the total the part derived from the sea, in order to 
learn what has been derived from the rocks. Column W of table 3 gives the 
composition of the dissolved matter in sea water. These are adjusted by multi- 
plying by 16/56.292, which brings the value for chlorine to the amount of 
chlorine in the Kalihi Stream water. Chlorine is used as a basis for this con- 
version since it is reasonable to assume that none of the chlorine in the Kalihi 
water is derived from the rocks. By a further adjustment the elemental in- 
gredients reported in the sea water are converted to the equivalent oxides for 
comparison with the oxides removed from the rock. After this double adjust- 
ment the amounts of the salts supplied from sea water to the Kalihi water are 
those given in column X, table 3. 
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Column Y of this table gives the analysis of the Kalihi water as reported, 
and column Z gives this analysis with the elemental ingredients converted to 
the equivalent oxides. Subtracting the values in column X from those in 


TABLES 

Comparison of materials dissolved in Kalihi stream water with materials lost in weathering as 
^ previously calculated 


RADICAL 

W 

X 

Y 

Z 

AA 

BB 

CC 

DD 


percent 

percent 

percent 

Per cent 

per cent 

per cent 

Per cent 

percent 

Si02 

■iffiVi 





59.81 

41.82 

65.13 

A 1208 

0.000 





0:00 

Fe 

0.000 


0.43 



0.61 

0.61 

1.40 

3.72 

5.79 

Mr 

3.725 


3.8 

MgO 

1.787 

6.30 

4.513 

10.38 

5.89 

9.17 

Ca 

1.197 

4.2 

CaO 

0 865 

5.88 

5.015 

11.54 

9.37 

14.59 

Na 

30.593 

12.0 

Na20 

11.933 

16.17 

4.241 


2.43 

3.78 

K 

1.106 

0,9 

KjO 

0.386 

1.08 



0.77 

1.20 

SO 4 

7.692 

5.1 

SOs 

1.855 

4.25 

2.395 

■MM 

0.21 

0.33 

Cl 

55.222 

16,000 

16.0 











76.29 

43.468 

100.00 

64.21 

100 00 


W — Average composition of salts in 77 sea water samples. F. W. Clarke, The Data of 
Geochemistiy, Ed. 4, p. 123, U. S. Geol. Survey, Bull. 695. 

X — Same adjusted to oxides instead of elements, and to make chlorine equal to the chlorine 
in the Kalihi water (column Y). 

Y — Composition of Kalihi Stream water (Personal Communication). 

Z — Same, adjusted to oxides instead of elements. 

AA — Composition of salts in Kalihi water after deducting those derived from salt spray 
(equals Z-X). 

BB — Same as AA, adjusted to total 100. 

CC — ^Material removed in weathering rocks. 

DD — Same as CC, adjusted to total 100 for comparison with column BB. 

column Z, we get column AA. This is equivalent to subtracting from the 
Kalihi water the ingredients supplied from sea water so that the remainder, 
column AA, is the material dissolved from the rocks and soil by the Kalihi water 
since it fell as rain. 
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Column CC, repeats columns N and O of table 2, except that the gain of 
Fe20s and the loss of FeO are balanced off in terms of like Fe, the net change 
being expressed as the equivalent Fe 203 . Column CC represents the losses as 
obtained by comparing the fresh and weathered materials. 

Column AA totals 43.468 and column CC totals 64.21, and are therefore a 
little difficult to compare. Comparison would be facilitated if both were ad- 
justed to the same total. In columns BB and DD the data of columns AA and 
CC, respectively, have been multiplied by suitable factors so that both total 
100 . 

Columns BB and DD, show that there is rather close agreement as to silica, 
magnesia, lime, and potash; but that there is less good corresi)ondence for 
ferric oxide, soda, and sulfate. It would appear that the Kalihi water has 
picked up sodium sulfate in some unexplained way, and has lost some ferric 
oxide. 


MINERALOGICAL INTERPRETATION 

The calculation of the mineral composition of a rock from its chemical 
analysis is often performed by petrologists. The percentages by weight of 
each radical are divided by the corresponding radical freights. The quotients 
thus obtained give the relative numbers of the radicals present, which are 
called the ^'radical ratios.” These are then distributed to form mineral mole- 
cules in accordance with certain established standard procedures. The num- 
bers of molecules of each mineral are then multiplied by the molecular 
weights of the minerals, and the products are the percentages of the minerals 
in the rock. The standard procedure among petrologists gives comparable 
results, and the mineral composition thus arbitrarily computed is known as the 
“norm” of the rock. The norm usually differs from the “mode” or actual 
mineral composition of the rock. 

The averages of the four fresh cores and of the four weathered shells (col- 
umns I and J, table 1) are thus treated in tables 4 and 6, with the exception 
that the standard procedure has been modified in order to make the computed 
composition more like the known mode of the Hawaiian basalts. 

In explanation of the computations, we might consider the treatment of the 
ferrous oxide and the titania in table 4. The adjusted percentages of these 
radicals are 6.62 and 2.79, and their radical weights are 71.84 and 80.1, respec- 
tively. Dividing the percentages by the radical weights we get 3.40/71.84 = 
0.0921 and 2.79/80.1 = 0.0348. The quotients are multiplied by 10,000 in 
order to give integers, which are more convenient to handle. We may say, 
then, that for every 921 radicals of ferrous oxide there are 348 radicals of titania. 
There is a mineral in Hawaiian basalts called “ilmcnite” whose molecule 
(FeO’TiOj or FeTiOs) consists of one radical of ferrous oxide and one radical 
of titania. So the 348 radicals of titania and 348 of the 921 radicals of ferrous 
oxide are combined to make 348 molecules of ilmenite. In the lower part of 
table 4, the 348 molecules of ilmenite again appear, where they are multiplied 
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by 151.94, the molecular weight of ilmenite, giving a product of 528.7, which 
by a rounding off and shifting of the decimal point shows that the rock con- 
tains 5.29 per cent of the mineral ilmenite. 

After 348 radicals of ferrous oxide have been set aside for ilmenite 573 


TABLE 4 

Computation of norm of average of four fresh cores 


SAOICAL 

PEB 

CENT 

BAm- 

CAL 

BATIO 

11. 

Ap. 

No. 

Or. 

Ab. 

An. 

Mb. 

MBTASXLICATES 

Qz. 

Fe 

Ca 

Mg 

Mn 

Si02 

52.13 





564 




360 

723 

1,476 

82 

1,925 

AUOo 

13 96 

1 369 



m 

94 

250 




. . . 




3 40 

213 







213 






FpO 


921 

348 






213 

360 





MnO 


82 










82 


MffO 

5 95 

1,476 










1,476 



CaO 

9 47 

1,688 


54 




911 



723 



KjO 

0 89 

94 




94 









NajO 

9 M 

421 



171 










SO* 

■JM 

57 



57 










P*0* . ... 

0 25 

1 

18 


18 











TiO, 

2 79 

348 

1 

348 












HjO 

0.89 














100.00 















UINEBAL 

COMPOSITION 

NUMUEB OF 
MOLECULES 

MOLECD- 

LAK 

WEIGHT 

I 

PEB 

CENT 

Ilmenite 

FeOTiO, 

348 

151.94 

5.29 

Apatite 

Ca,PsOe + l/3CaF, 

18 

336.34 

0 61 

Noselite 

Na^^USuSOi, 

57 

7J0.12 

4.05 

Orthoclase 

KAlSigOg* 

94 

.SS6.49 

5.23 

Albite 

NaAlSijO,* 

250 

524.28 

13.11 

Anorthite 

CaAl2Si20g 

911 

278.15 

25 34 

Magnetite 

FesOg 

213 

231.52 

4.93 

Iron metasilicate 

FeSiOs 

360 

131.90 

4.75 

Wollastonite 

CaSiOg 

723 1 

116.15 

8.40 

Clinoenstatite 

MgSiOg 

1,476 ! 

100.38 

14.82 

Rhodonite 

MnSiOg 

82 ! 

130.99 

1.07 

Quartz 

SiOg 

1,925 ; 

60.06 

11.56 

Water 

H 2 O 



0.89 









100.05 


* This is half the formula used in the upper part of the table. 

remain. Of these, 213 are next set aside to match the 213 radicals of ferric 
oxide to make magnetite (FeO’FejOs or FejOO, leaving 360 to be combined 
with part of the silica for iron metasUicate (FeO-SiOs or FeSiOi). 

The order in which the radicals are set aside to form various minerals is 
essentially that which the study of countless rocks has shown to be the order 
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of crystallization in nature. The relative affinities of the various kinds of 
radicals for one another are well known for the igneous rocks, but not for the 
weathered products. 

In the fresh cores, all the titania and a proper amount of ferrous oxide are 
first assigned to ilmenite, which is one of the first minerals to crystallize. Next, 
enough lime is assigned to the available phosphorus pentoxide to form apatite, 
also an early forming mineral. The sulphur trioxide surely exists as noselite, 
or some related mineral. Therefore, suitable amounts of soda, alumina, and 
silica are assigned to the sulfur trioxide for noselite. At this stage all of the 
acids, except silica, have been used up. Silica is first assigned, along with 
proper amounts of alumina, to the strong bases to form the potash and soda 
feldspars (orthoclase and albite). So far as alumina is still available, the Ihne 
feldspar (anorthite) is made, which takes part of the lime and silica. With 
alumina all gone, the remaining silica is used as far as necessary to make 
metasilicates of ferrous oxide, lime, magnesia, and manganous oxide. In the 
preceding discussion one step has been omitted, namely, the assigning of part 
of the ferrous oxide to the ferric oxide for magnetite. Finally, after all the 
bases have been assigned, there still remains some silica, which is taken for 
quartz. In the calculations, the metasilicates are considered independently, 
but they actually do combine as dual or even trial metasilicates, thus forming 
a complex group of minerals known as the pyroxenes. Were there not enough 
silica to go around among the bases, as metasilicates, we would first have 
satisfied the lime and manganous oxide. Then in accordance with suit- 
able formulas, we would have made partly metasilicates (pyroxenes) and partly 
orthosilicates (olivines) with the magnesia and ferrous oxide. 

The pyroxenes are a series of related metasilicates which usually have lime, 
magnesia, and ferrous oxide as their basic radicals. The oxides of manganese, 
the alkalies, zinc, aluminum, and ferric iron form the bases in some rarer 
varieties. Some are characterized by having a single base: for example, 
enstatite, which is Mg0-Si02. (This differs from the corresponding orthosili- 
cate, forsterite, 2Mg0*Si02, in having twice as much silica in proportion to 
the magnesia.) Most pyroxenes are either compounds or mixtures of silicates 
of two or more bases, for example, diopside, which is MgCaSi 205 . Many 
pyroxenes are far more complicated. Washington and Merwin^ give an analy- 
sis (table 5) of an augite, a variety of pyroxene, from near the summit of 
Haleakala. 

According to Washington and Merwin the ‘‘augite is thus essentially a 
hedenbergite-diopside with small amounts of acmite, clinoenstatite, and 
alumina in solid solution.” 

Undoubtedly all the augites of Hawaii are of much the same complex char- 
acter as this one, 

* WASHmCTON, H. S., AND Merwik, H. £. 1922. Augite of Haleakala, Maui, Hawaiian 
Islands. Amer, Jour, Sci, 3: 117-122. 
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A rather striking thing in the norm of the fresh cores, given in table 4, is the 
occurrence of quartz. Quartz does not occur as a primary mineral in the 
basalts of Hawaii, and yet it is shown in the norm. The probable explanation is 
that the quartz is present in solid solution in the glass that fills the interstices 
between the crystalline grains of the other minerals. In the normal sequence 
of crystallization of various minerals out of a magma, quartz is among the very 
last to form. It is therefore likely to remain non-crystalline or glassy when 
cooling, finally brings about the rigid state of glass in the residual melt. Min- 
erals richer in silica than those used in the preceding calculation of the norm 
are not to be found by microscopic examination of thin sections of Hawaiian 
rocks. 

The steps in calculating the mineral composition of the weathered shells 
are rather similar, and are set forth in table 6, but the choice of an association 

TABLES 


CJtemical analysis and calculated mineral composition of the augite of Ualeakala 


SADXCAL 

PKB CENT 

MINERAL 

FORMULA 

PER CENT 

Si 02 

47.70 




AI 2 O 3 

6.82 





3.36 




Feb 

4.43 

Diopside 

CaMgS^Oe 

69.12 

MnO 

0.16 

Hedcnbergite 

CaFeSUOe 

15.13 

MgO 

13,34 

Acmite 

NaFc'"Si.O, 

5 08 

CaO 

21 35 

Clinoenstatite 

MgSiOa 

1.90 

K 2 O 

0 03 

Iron metasilicate 

FeSiOa 

0.40 

Na,0 

0.65 

Corundum and Hematite 

(AI, Fe)20, 

8.65 

TiO, 

1.89 




CriOi 

0 23 



100.28 

H*0 

0.15 





100.11 





of minerals is not controlled by anything corresponding to the known order of 
cr 3 ^tallization used for the fresh cores. Perhaps it would be impossible to 
establish a proper choice of minerals, as the grains are so small that they might 
not be identifiable under the microscope. 

In the absence of guiding experience, the process used as is follows: 

The phosphorus pentozide is first taken to make apatite, which incidentally leaves very 
little lime for future assignment to gypsum, a known constituent of some Hawaiian soils. 
Next, titania is taken to satisfy the available ferrous oxide for ilmenite, as before, the residue 
of titania being calculated as rutile. The small amount of manganous oxide is givei} enough 
of the large amount of water to form psilomelane. At this stage of the computation the only 
acids remaining are silica and sulfur trioxide. The sulfur trioxide is then used to make the 
hydrous sulfates of calcium and magnesium, gypsum, and epsomite. To the small amount of 
sulfur trioxide remaining is assigned part of the soda for mirabilite, the hydrous sulfate of 
sodium. Now only silica remain^ of the acids. To the potash and the remaining soda are 
assigned proper amounts of the ample silica and alumina to make the feldspars, orthoclase. 
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and plagioclase. (No lime is available for making more stable minerals.) There now remain 
only water, ferric oxide, alumina, and silica. To the ferric oxide is given enough water to 
make limonite. The remaining water is used to make gibbsite, the more hydrous, and baux* 
ite, the less hydrous, both of which are hydrous oxides of aluminum. Finally, the remaining 
silica is computed as quartz. 


TABLE 6 


Calculation of ike mineral composition of the weathered shells 


SAOICAL 

PEI 

CENT 

KADI- 

CAL 

RATIO 

Ap 

II. 

Ru 

Ps 

Gy 

Ep 

Mi 

Or 

Ab. 

la. 

Ba. 

Gi. 

Qz. 

Si02 

25.77 

4,292 








198 

168 




3,926 

AlaOs 

34.90 

3,423 








33 

28 



323 

FejOa 

14.49 

908 












FeO 

2.77 

386 


386 











MnO 

0.18 

25 




25 










MgO 

0.14 

35 






35 



1 . . . 





CaO 

0.24 

43 

42 




1 



|. .. 






KaO 

0.31 

33 








33 






NaaO 

0.44 

71 







43 


28 




t 

SOa 

0.63 

78 






35 

43 







PaOfi 

0.20 

14 

14 













TiOa 

3.47 

433 


386 

47 











HaO 

16.46 

9,136 




50 

2 

245 

430 



1,362 





MINERAL 

COMPOSITION 

NUMBER 

OP 

MOLECULES 

MOLECU' 

LAR 

WEIGHT 

PER CENT 

Apatite 

CaaPaOg + l/SCaF* 
FeTiOs 

TiOa 

H4Aln06 

CaS 04 - 2 H 20 

MgS04-7Hj0 

NasSOa-lOHjO 

KAlSisOg* 1 

NaAISiaOs* 

2Fe20j-3H20t 

Al20r2H20 

AbOa-SHaO 

SiOa 

14 

336.34 

0.47 

Ilmenite 

386 

151.94 

5.86 

Rutile 

47 

80.1 

0.38 

Fsilomelane 

25 i 

138.962 

0.35 

Gypsum 

1 

172 86 

0.02 

Epsomite 

35 

246.496 

0.86 

Alirabilite i 

43 

322.204 

1.39 

Orthoclase 

33 

556.49 
524. 28 

1.84 

Albite 

28 

1.47 

Limonite 

908 

186. 704 

16.95 

Bauxite 

3,039 

323 

137.972 

41.93 

Gibbsite 

155.988 

5.04 

Quartz 

3,926 

60.06 

23.58 






100.14 


* These formulas give half the molecular weight used in the upper part of the table, 
t This formula gives double the molecular weight used in the upper part of the table. 


The abundance of the various minerals in the fresh rock and in the weathered 
shells is given in table 7. 

Comparison of the last column (GG) with the first column (EE) shows that 
the removal of material by solution has been the chief process in action. This 
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TABLE 7 


Comparison of the mineral compositions of the fresh cores and of the weathered shells 


GXOUP 

Baseless mineral. . . . . 

Titania minerals 

Potash mineral 

Soda minerals 

Lime minerals 

Magnesia minerals. . . 

Iron minerals 

Aluminum minerals. . 

Manganese minerals. 


lONESAL* 

££ 

FF 

GG 


percent 

percent 

percent 

Quarts 

11.56 

23.58 

9.43 

Ilmenite 

5.29 

5.86 

2.34 

Rutile 


0.38 

O.IS 

Orthoclase 

5.23 

1.84 

0.74 

Noselite 

4.05 



Albite 

13.11 

1.47 

0.59 

Mirabilite 


1.39 

0.56 

Apatite 

0.61 

0.47 

0.19 

Anorthite 

25.34 



Wollastonite 

8.40 



Gypsum 


0.02 

0.01 

Clinoenstatite 

14. 82 



Epsomite 


0.86 

0.34 

Iron metasilicate 

4.75 



Magnetite 

4.93 



Limonite 


16.95 

6.78 

Ilmenitet 




Feldspars} 




Gibbsite 


5.04 

2.02 

Bauxite 


41.93 

16.77 

Rhodonite 

1.07 

1 


Psilomelane 


0.35 

0.14 

Water 

0.89 




100.05 

100.14 

40.06 


* This column groups together minerals with the same bases, 
t Ilmenite is also a titania mineral and is listed above. 

t The feldspars (orthoclase, albite, and anorthite) are listed above with the potash, soda, 
and lime minerals. 

££-— Mineral composition of the fresh rock. The data of the last column of table 4, 
but in different order. 

FF— Mineral composition of the weathered shells. The data of the last column of table 
S, but in different order. 

GG — Mineral composition of the weathered shells reduced to show the amounts surviving 

40.06 

or newly generated. Equals FF X rr;. This computation assumes no change in alumina. 

110.14 
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is shown by inspection for the minerals having titania, potash, soda, lime, 
magnesia, or manganous oxide as their bases, as well as by the total of all 
constituents. It is also shown immediately for apatite and quartz. At the 
first glance it might appear that alumina has been added, but it must be re- 
membered that the alumina in the gibbsite and bauxite is not new alumina, 
but is derived from the destruction of the three feldspars, orthoclase, albite, 
and anorthite. 


TABLE 8 

Parental relationships of origitud minerals of fresh cores to derived and surviving minerals of 

weathered shells 


DF.IIVED AND SDIVIVIHG HIHESALS 


PAHENT M1N£KALS 

Apatite | 

llmenite 

jij 

Fsilomelane 

Gypsum 

Si 

1 

Mirabilite 

Orthoclase 

V 

IS 

< 

u 

■a 

o 

a 

Bauxite 

.-s 

1 

XI 

o 

Quartz 

Apatite 

X 













llmenite 

X 

X 







X 




Noselite 



X 

X 

X 



X 

X 

X 

X 

i 

1 X 

X 

X 

X 

X 

X 

X 

X 

Orthoclase 





X 



Albite 







X 

X 


Anorthite 





X 


Magnetite .... 









X 

X 

Iron metasillcate 












X 

X 

X 

J 

X 

W’ullastonite 



. .. 


X 





Clinoenstatite 

X 







Rhodonite 




X 








Quartz 


























Table 8 attempts to set forth the genetic relationships of the derived minerals 
to the parent minerals. Since parenthood cannot be definitely ascribed, only 
probabilities are indicated, which is done by the use of X marks. No further 
discussion of table 8 seems necessary. 




FURTHER EVIDENCE CONCERNING THE TOXIC ACTION OF 
ALUMINUM IN CONNECTION WITH PLANT GROWTH' 

BASIL E. GILBERT and FREDERICK R. PEMBER 
Rhode Island Agrictdtural Experiment Station 
Received for publication June 23, 1930 

For many years the Rhode Island Agricultural Experiment Station has 
studied acid-soil conditions. From time to time various aspects of the problem 
have been explored and the publications of the station show the results of 
much experimentation. “Active” soil aluminum has been linked with acidity 
as measured by hydrogen-ion concentration and lime requirement. Much of 
the work has been based on solution cultures using various plants and amounts 
of aluminum at different acidities. 

Other workers have added to the mass of information now available and two 
schools of thought have arisen. Line (6) in England has claimed that alumi- 
num cannot exist in the soil solution in sufficient concentration to cause toxicity 
and that the toxic factor of acid soils is acidity as measured by hydrogen-ion 
concentration. McLean (8) has shown that aluminum may be toxic to plants 
in solution culture in amounts far smaller than those found by Line in the soil 
solutions. 

This article describes attempts to clarify the problem by endeavoring to 
divorce the two factors, acidity and aluminum, and to show by solution culture 
methods accompanied by the study of certain acid soils from widely separated 
areas and having differing geological histories, which of the two factors is the 
more potent. 


SOLUTION CULTURES 

The indicator plant selected for this w^ork was Cos lettuce. The seedlings 
w^ere germinated in beach sand and when approximately 1 week old were sorted 
for uniformity, and placed in corks with theit roots immersed. SLx plants 
were placed in each culture and all cultures were in quadruplicate. After 7 
days the solution was renewed, and the plants w^ere harvested at the end of 
14 days. Colorimetric determinations of pH values were made at the begin- 
ning and end of the experiment. The plants w^ere carefully dried in a constant 
temperature oven, and after they had come to equilibrium with room condi- 
tions, air-dry weights were obtained. 

‘ Contribution no. 395 of the R. I. Agricultural Experiment Station. 
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Table 1 gives the ingredients in 1,000 cc. of the culture solutions used in 
this experiment. Each culture bottle contained 250 cc. of solution. 

In table 2 are reported the yields of seedlings grown in the six different cul- 
ture solutions. 

From table 2 it will be noted that although the reactions during the growth 
period variejd from pH 3.2 to 7,5, no appreciable differences in yields are 


TABLE 1 

Ingredknis in 1 liter of culture solutions used with lettuce seedlings 


Solution Number 

n 

II 

Ill 

IV 

n 

VI 



1 

n 

& 

< 

< 

< 



s 

i 

8 

’eft 

i 

§ 

§ 


1 

B 

B 


tk s 

h) 1 

W 

n 

Is 

‘"2 


s 

i 



M 1 

M 

S 

M 

*-• H 

M 


M 

CC. 

CC, 

cc. 

CC. 

CC. 

cc. 

Ca(NO,)2-4aO 

0 100 

19 

15 

40 

15 

30 

45 

KH 2 PO 4 

0.030 

8 

.... 

10 




MgS0«-7H20 

0.100 

8 

8 

5 

8 

16 

24 

Fe,(NO,),.18HjO 

0.003 

4 

4 

4 

4 

8 

12 

KCl 

0.100 


8 

5 

8 

16 

24 

CaH4(P04)2-H20 

0.010 

. . 

13 6 


6 

12 

18 

KNO, 

0.100 

' 


10 




NH 4 NO* 

0.100 


.... 

•• 

10 

20 

30 


TABLE 2 


Dry~weight yields of Cos lettuce seedlings grown in nutrient solutions having reaction ranges from 

pH 32 to 7.5 


NUTttlENX .SOLUTION NUMBER 

REACllON RANGE DURING GROWTH 
PERIOD 

DRY-WEIGHT yiEU> 


PU 

Rfn. 

1 

5.4-7 5 

0 413 

II 

5. 4-7. 4 

0 447 

III 

5. 2-7. 3 

0 406 

IV 

5, 3-3. 4 

0 488 

V 

5 4-3 4 

0.428 

VI 

5.3-3 2 

0.506 


noticeable. It would thus appear that in solution Cos lettuce seedlings are 
not very susceptible to injury from acidity as measured by reaction per se. 

In order to link the preceding experiment with the effect of aluminum when 
added to the culture solution Cos lettuce seedlings were grown in solution. 
The check solution was the same as no. IV (table 1) except that no phosphoric 
acid was added. Sulfuric acid was added to this culture solution to cause a 
pH of 4.6 and this constituted the second solution. The third solution con- 
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sisted of the check solution with the addition of 28 p.p.m. of aluminum as 
aluminum sulfate. 

The alternating solution method adopted by McLean and Gilbert (9) was 
used. The following alternations were made. 


DATE 

CULTURE 

May 11 

I R. I. Solution A but no 


11 R. I. Solution A and H 2 SO 4 but no P 2 O 5 


III R. I. Solution A and Al 2 (S 04 )s but no IWb 

May 14 

R. I. Solution A with all cultures 

May 18 

Similar to May 11 

May 22 

Similar to May 14 


Tabic 3, in which the average yields of lettuce resulting from the aforemen- 
tioned three treatments arc given, shows that with a reaction range of pH 5.3 
to 3.6, induced either naturally by selective withdrawal of ions from solution 
by the plants or artitically by sulfuric acid, no material difference in yield is 
noted. The addition of 28 p.p.m. of aluminum, however, produced a distinct 
depression in growth. 


TABLE 3 


l)r\-%m^ht yields of Cos leltiicc seedlings as affected by acidity and aluminum 


NU'lRJhNT SOLUTION-i 

RErVCnON 

KASCC 

DRY-WEIGHT 

YIELD 


Pll 

gm. 

R. I. Solution 

5 3-3 6 

0 940 

R I. Solution + H 2 S ()4 

4 f)-3 7 

0 901 

R. I. Solution + AlsCSOi), 

4 6-4.6 i 

1 

0 602 


* No phosj)horic acid was added to this solution during onc-half of the alternations. 


ACID SOILS 

This portion of the work may well be considered an extension of work begun 
by Burgess (3) in 1923 to compare ‘‘active’' aluminum and hydrogen-ion con- 
centration of widely separated acid soils. Samples of acid soils were obtained 
from widely separated locations. In many cases these were duplicates of the 
soils used by Burgess. Reference is, therefore, made to the aforementioned 
publication for their description. In some cases it would seem that during the 
interval between Burgess’ work and the obtaining of the 1928 samples some 
of the fields from which these samples were taken had received lime. 

Certain of the soils used in this work and which were not described in the 
1923 publication are listed in the following: 

Rhode Island. — Merrimac Silt loam. This soil was taken from plat 82 of the area 
devoted to field experiments at the Rhode Island Agricultural Experiment Station. 
This plat has been well fertilized for many years but has received no lime. 
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Connecticut.— - raw^awife loam. This sample was taken from an old mowing lot near 
Stonington. It has not been fertilized or manured for many years. 

Hollis Silt loam. This soil was obtained from an old mowing lot near Woodbridge. 
No fertilizer or manure had been applied for 18 years. 

Illinois. — Muscatine Silt loam. This sample was taken in Champaign County. It is 
a friable medium-brown silt loam. 

New Jersey.- — Sassafras Silt loam. This sample was taken from the college farm at 
New Brunswick. It is a sedentary soil and is derived from unconsolidated deposits 
of sand, gravel, and clay. 

The chemical determinations,^ the results of which are reported in table 4, 
were made according to proved and common methods. Soil reactions were 
determined by the quinhydrone electrode. The lime requirements were deter- 
mined by the Jones calcium acetate method as described by Burgess (1), except 
that the results were calculated to the dry soil basis and that soil particles that 
failed to pass a 2-mm. sieve were discarded. “Active*’ aluminum as defined 
by Burgess (2) is that dissolved from 1 part of soil shaken for 1 hour with 5 
parts of 0.5 N acetic acid. The samples used for this extraction were passed 
through a 5-mesh sieve. Aluminum in the extract was determined by a pro- 
cedure based on the method recommended by Lundell and Hoffman (7). The 
results were calculated to the dry soil basis. 

Manganese soluble in 0.5 N acetic acid was determined for all soils as recom- 
mended by Jacobson,^ but since the greatest concentration found, 70 p.p.m. 
of dry soil, is considered too low to indicate manganese toxicity, the results 
were not included in the tabulation. 

At the beginning of the physiological work, lettuce seedlings were chosen as 
being sensitive to soil acidity and “active” aluminum. Burgess and Pember 
(4) have shown lettuce to be very sensitive when grown in soil, and McLean 
and Gilbert (8) have placed the limits at which aluminum in solution was toxic 
to lettuce as 2 p.p.m. of added aluminum. Lettuce was grown in these soils, 
but was found too sensitive for the purpose. The dry weights were so small 
that they were not considered worthy of inclusion in this report. In fact with 
several of the soils no growth took place after the lettuce plants were set in 
the pots. 

Thus it became necessary to choose a crop less sensitive, and, following the 
classification given by Burgess and Pember (4) of “comparative resistances of 
certain plants to soil acidity and active aluminum,” barley was chosen. This 
crop proved to be more suitable. 

For this study Wagner pots w^ere used and approximately 6,000 gm. of dry 
soil was weighed into each pot. Each soil was studied in duplicate. The 
water-holding capacity of the soils was determined and the moisture made up 
to 60 per cent of this figure. After the soils had stood for 14 days in the 
moist state, a 200-gm. sample was taken for chemical determination from each 

* The chemical determinations were made by John B. Smith, chemist. 

> Correspondence with H. G. M. Jacobson, Connecticut Agricultural Experiment Station. 
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pot. Previous to the planting of the lettuce 7.5 gm. CaS04, 1 gm. Ca(N03)2* 
4H2O, and 0.5 gm. K2SO4 were mixed with the soil in each pot. Once during 
the growth of the lettuce, 1 gm. of NaNOs was applied to each pot in solution. 

After the lettuce was harvested, the soil was removed from each pot and 
remixed. Then 1 gm. Ca(N03)2*4H20 and 0.5 gm. K2SO4 were mixed vrith 
the soil from each pot. During the growth of the barley 1 gm. NaNOs and 
0.5 gm. K2SO4 were added. The barley seed was planted May 18, 1929, and 


TABLE 4 

Chemical determinations and dry-weight yields of barley from acid soils 




kEACTlON 

PO 

> 

Q 

< (kj 

n u 

0 

LOCATION 

SOIL TYPE 

a 

Wherry’s scale 
active acidity 

JONES CaO REQI 
MENT FOR 2,00 
POUNDS SOIL 

15 

m 

u 

< 

SB 

5 ^ 

u > 

S S.-. 

O'-* «i 

0 53 

i 

P 

w 5 - 

P 





pounds 

pp.m. 

per cent 


Group I ; 






\ 


Indiana 

Clermont silt loam 

4.58 

250 

2,817 

81 

0.328 

8.5 

Rhode Island 

Mcrrimac silt loam 

4 71 

200 

2,907 

840 

0.636 

100.0 

Connecticut 

Taugwank loam 

4.75 

160 

3,645 

905 

0.324 

16.0 

New Jersey 

Sassafras silt loam 

' 4.83 

160 

2,502 

494 

0.464 

10.2 

Pennsylvania 

De Kalb silt loam 

4.90 

125 

2,646 

428 

0.133 

6.8 

Group II : 








Indiana 

Scottsburg silt loam 

5.04 

100 

4,509 

67 

0 405 

144.0 

South Carolina 

Portsmouth sandy loam 

5.07 

80 

3,108 

117 

0.498 

176 2 

Pennsylvania 

Volusia silt loam 

5 08 

80 

3,006 

260 

0.335 

83 0 

Connecticut 

Hollis silt loam 

5.18 

63 

2,925 

519 

0 409 

132 0 

Illinois 

Muscatine silt loam 

5.48 

32 

2,655 

31 

0.317 

179.6 

North Dakota 

Pargo clay 

5.76 

16 

2,250 

Trace 

0 483 

137.3 

Maine 

Silt loam 

5.83 

16 

1,512 

589 

0 344 

13.5 

Group III: 





i 



Texas 

Lufkin fine sandy loam 

6.20 


567 

41 

0 494 

54.2 

South Carolina 

Greenville day loam 

7.01 


261 

79 

0.552 

81 3 

Iowa 

Carrington loam 

7.25 


270 

18 

0.509 

120.3 

Kentucky 

Memphis silt loam 

8.12 


180 

53 

0.317 

94 9 


harvested when the heads were yellow on August 12, 1929. Dry-weight yields 
are shown in table 4. 

It will be noted that no phosphoric acid was added to the soils during the 
growth experiment. This was because of the known effect (4) of phosphatic 
fertilizers in rendering aluminum non-toxic. 

DISCUSSION 

For ease in discussion of table 4, the data have been divided into three 
groups, arbitrarily, according to the reactions of the various soils. Group I 
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contains those soils with reactions below pH 5; group II is intermediate and less 
acid in reaction, containing those soils in the range of pH 5.04 to 5.83; whereas 
in group III are soils which are but slightly acid, having reactions above pH 6. 
Soils of group III will not be considered in this discussion. Relative barley 
yields are reported on the basis of Rhode Island station plat 82 as 100. The 
actual 3 deld foi^ this soil was 29.5 gm. 

In order to obtain some measure of the possible effect of soil phosphorus on 
the growth of barley the crop was analyzed and the P 2 O 6 reported on the dry- 
matter basis. It has been noted that where P 2 OB is known to be high through 
fertilizer application it may be expected to show in increased amounts in the 
crop. 


Group I 

The dry-weight yields of barley from soils of group I are low, whereas the 
amounts of “active” aluminum present in dry soil and soluble in 0.5 N acetic 
acid are high. Exceptions to this statement are noted with barley on the 
Merrimac silt loam and with the aluminum in the case of the Clermont silt 
loam. The phosphoric acid content of the barley grown on this soil indicates 
that sufficient phosphoric acid may have been present, as a result of fertiliza- 
tion, so that to some extent the toxic effect of the aluminum was counteracted, 
and the growth of barley was inhibited to a lesser degree than on the other 
soils of this group. 

The depression of barley on the Indiana soil may have been due to other 
inhibiting factors than aluminum or acidity. This soil described by Conner 
et al (5) as “a white, flat, timber soil, very low in organic matter and nitrogen.” 
In addition to these deficiencies the tilth of this soil was found to be poor and 
the soil was inclined to puddle when an attempt was made to leach it. 

If the Clermont silt loam soil is disregarded, the four soils remaining in 
group I indicate that either the aluminum or the reaction acidity was an in- 
hibiting factor in the growth of barley, as both seem to correlate with the low 
relative dry-weight yields. 


Group II 

Since the reaction range of soils in Group II is between pH 5.04 and 5.83 
and the dry-weight yields of barley vary from 13.5 to 179.6 gm. and are not 
consistent in their variation, no correlation seems to exist with reaction acidity. 
On the other hand if each soil be considered separately and the relative yield 
checked with the amount of “active” aluminum in the soil, in all cases, except 
that of the Hollis silt loam, where the aluminum is high, the relative dry 
weight is low and vice versa. The only reason for this discrepancy with the 
Connecticut soil may be found in the somewhat higher content of phosphoric 
acid in the barley, which may reflect a tying-up of aluminum in the soil. This, 
however, is only suggestive. With the Maine soil, even with a reaction which 
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can hardly be considered as very acid, sufficient aluminum seems to have been 
present to depress the barley very seriously. 

It is thus necessary to turn to the intermediate group II for a suggestion 
as to the inhibiting factor. Group I, possibly because of the genesis of the 
soils in that group, which Burgess offers as a reason for the correlation which 
he found between acidity and aluminum content, does not allow the separation 
of the factors depressing the barley crop. Group II, however, where the 
acidity range is much less and where a greater variation in soil genesis is found 
as a result of the wider geographical spread in locations from which the samples 
were obtained, points quite definitely to the ^‘active” aluminum content as the 
limiting factor in the growth of barley. 

SUMMARY 

In this paper further evidence is offered indicating that in soil and solution 
cultures ^‘active’’ aluminum has a greater inhibitory effect on the growth of 
lettuce and barley plants than has acidity. 

Solution cultures of Cos lettuce seedlings grown in a pH range of 3.2 to 7.5 
showed no appreciable differences in dry-weight yields although cultures to 
which aluminum sulfate had been added were much depressed in yield. 

The dry-weight yields of barley plants grown in samples of acid soils from 
several different soil types and widely separated geographically, were more 
closely correlated with the ‘'active” aluminum content of the soils than with 
acidity. 
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Bases in soils exist in two forms: Free as carbonates, or combined with the 
colloidal complex. The latter are sometimes spoken of as “absorbtively bound'' 
or exchangeable bases. They are determined by leaching the soil with a 
neutral salt solution like ammonium chloride (4), barium chloride (1), or 
sodium chloride (3) ; or with a dilute acid like O.OS N HCl (2). Also by electro- 
dialysis (5), or electrofiltration (6). 

None of these methods, however, is free from objection, as a certain amount 
of free carbonates are bound to appear in the leachate; and the success of a 
method must inevitably rest on the prevention of carbonate dissolution. In 
Hissink’s method (3), the soil is washed in two lots; the amount of calcium in 
the second lot is supposed to represent the quantity dissolved, and subtracting 
it from that in the first lot gives the exchangeable calcium. In the neutral 
salt displacement method, the soluble salts also appear with the exchangeable 
bases and introduce a corresponding error. 

The evaluation of total exchangeable bases, would be of great importance in 
any system of genetic classification of soils. For routine vrork, however, a 
rapid and fairly accurate method that can be carried out with the minimum 
of equipment is needed. It is the object of this paper to outline such a method. 

The method consists in the determination of carbonates (representing free 
bases), as well as total bases (free and exchangeable). The difference between 
the two values represents exchangeable bases. 

DETERMINATION OF CARBONATES 

Carbonates are determined by the titration method developed by the author 
and discussed elsewhere (7). The following is the outline of the method: 

Ten grams of soil is stirred with 100 cc. of water in a conical flask and excess CaS04 (0.2 to 
0.5 gm.) added. The mixture is brought to the boiling point over a sand bath or Rose burner. 
Then 10 cc. of 0.1 AlsCU solution is added and the suspension shaken a little. About 10 
drops of Brom thymol blue indicator (1 per cent solution in 50 per cent alcohol) is added and the 
suspension allowed to settle after a vigorous shaking. The soil settles down in several minutes, 
when the color of the supernatant liquid is noted. Yellow indicates less than 1 per cent car- 
bonates, green to blue indicates more than 1 per cent carbonates. Next, 10 drops of Brom 
cresol green indicator (1 per cent solution in 50 per cent alcohol) is added and the color again 
noted. Golden yellow indicates absence of carbonates, green indicates less than 1 per cent 
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carbonates, deep bluish green indicates more than 1 per cent carbonates. If carbonates are 
present the procedure is as follovjs: The flask is brought to the boiling point and the contents 
are titrated against 0.5 N HsS 04 . The suspension is boiled for a minute or two after each 
addition and allowed to settle for two minutes. This however, is only necessary in the 
later stages of titration as it is easy to see the green edge in the beginning. The titration is 
complete when the color of the supernatant liquid is golden yellow which persists after the suspend 
sion has been boiled for several minutes y and allowed to settle for a minute or two. The amount 
of HsS 04 used is equivalent to the total carbonates, or free bases in the soil. As a rule 8 to 12 
titrations are started at once and completed within several hours. 

The method has been shown to give values agreeing with the standard 
method in which CO 2 is liberated by acid treatment and measured by absorp- 
tion in baryta. For fuller details the original paper should be consulted. 

DETERMINATION OP TOTAL BASES 

To 10 gm. of soil contained in a SOO-cc. reagent bottle, sufficient 0.5 N HCl 
is added to break up all the carbonates, as determined by the foregoing method. 
Then 100 cc. of 0.1 HCl is added and the mixture left for a few hours being 
shaken frequently, till the evolution of CO 2 bubbles has subsided. The bottle is 
next tightly corked with a rubber bung and mechanically shaken for about two 
hours. The suspension is filtered through a Buchner funnel, preferably with- 
out suction. For this purpose it is necessary to stick the filter paper to the 
funnel by running a little molten wax around the edges or by applying collodion 
with a camers-hair brush. In either case the filter paper should be moistened 
first, and held on the funnel by suction. The soil on the filter paper is washed 
with 400 cc. of 0.05 N HCl in 100-cc. lots, and then with 200 cc. of water in 
100-cc. lots. The filtrate is then made up to a definite volume and an aliquot 
titrated against standard alkali, phenolphthalein being used as indicator. The 
decrease in the concentration of the acid used is equivalent to the total bases 
present. 

The quantities of acid solution recommended for washing need not be 
rigidly adhered to, though they should never be exceeded. For light soils 
and those containing little or no carbonates, 200 cc. of 0.05 N HCl instead of 
400 cc. is quite enough. The main point is to wash the soil with an excess of 
acid (not too strong), till the exchangeable calcium is removed, and determine 
the amount of acid thus neutralized. The treatment outlined was found to 
accomplish this even in soils containing more than 50 per cent clay. 

DISCUSSION OP RESULTS 

In table 1 are given total exchangeable bases for 49 soils determined by the 
method described. The pH values (by H electrode 1:5 soil-water ratio) and 
the clay contents of the soils are also recorded. For convenience of reference 
a column has been added giving the exchangeable bases per gram of clay; these 
values show a rough correlation with the pH values, and for soils containing 
an excess of carbonates they give some idea of the base exchange capacity of 



TABLE 1 


Total bases, carbonates, and exchangeable bases in various soils 


SOIL NO. 

PC. 

CLAY 

TOTAL BASES, 
H £. PEK GtC 

CABBONATES, 
N F.. PF.R GM. 

EXCHANGEABLE BASES, NXLLI- 
EQUIVALENTS PER GM- 

pH 


OP SOIL 

OP son. 

Soi] 

Clay 

1 

per cent 

11.3 

6.964 

6.85 

0.114 

1.01 

8.45 

2 

59. 3 

1.818 

1.00 

0.818 

1 38 

8.21 

3 

62.2 

0.750 

0.10 

0.650 

1.04 

7.64 

4 

15.2 

0 366 

0.20 

0.166 

1.09 

8.55 

5 

12.3 

0.512 

0.374 

0.138 

1.12 

8.77 

6 

28.4 

0.085 

Nil 

0.085 

0.299 

5.29 

7 

21.8 

1.468 

1 30 

0.168 

0.77 

9.58 

8 

25.2 

0.281 

0.15 

0.131 

0.52 

8.41 

9 

21.6 

0.1125 

0 024 

0.0885 

0.41 

5.76 

10 

35.6 

0.584 

0 225 

0.359 

1.01 

8.71 

11 

32.8 

0.849 

0.50 

0.349 

1.06 

8.77 

12 

7 2 

0.075 

NU 

0.075 

1.04 

5.84 

13 

58 9 

0.979 

0.30 

0 679 

1.16 

8.53 

14 

21.5 

0.019 

Nil 

0.019 

0.088 

5.37 

15 

22.4 

0.125 

0.05 

0.075 

0.33 

7.71 

16 

8.7 

0.755 

0-374 

0.381 

4.38 

8.74 

17 

14.1 

0.275 

0.10 

0.175 

1.24 

8.20 

18 

22 6 

0 083 

0 024 

0.059 

0.26 

5.79 

19 

42.3 

0.691 

0 20 

0.491 

1.16 

8.40 

20 

8.1 

0.019 

0.024 

NU 

NU 

5.64 

21 

13 5 

0.834 

0.574 

0.26 

1.93 

8.25 

22 

15.1 

0.158 

0 024 

0.134 

0.89 

6.85 

23 

11.3 

0.157 

0.05 

0.107 

0.95 

7.41 

24 

9.7 

0 598 

0 35 

0 248 

2.56 

8.59 

25 

4.0 1 

0 038 

NU 

0.038 

0.95 

7.40 

26 

22.5 1 

0 078 

NU 

0.078 

0.35 

8.11 

27 

53 2 1 

1.508 

0.724 

0.774 

1.45 

9.03 

28 

44.6 

0.648 

0 174 

0 474 

1.06 

8.38 

29 

63.0 

0 638 

0.074 

0.564 

0.90 

8.05 

30 

54.1 

1.398 

0.824 

0.574 

1.06 

8.45 

31 

22.8 

0.94 

0,804 

0.136 

0.60 

8.01 

32 

64.6 

0.24 

0.150 

0.09 

0.14 

5.05 

33 

2.6 

1.175 

0.95 

0.225 

0,87 

10.18 

34 

11,3 

0.190 

NU 

0.190 

1.68 

7.63 

35 

18.3 

0.095 

0.025 

0.07 

0.38 

7.98 

36 

11.7 

0,18 

0 05 

0.13 

1.11 

8.40 

37 

4.1 

0 05 

0.025 

0.025 

0.61 

5.72 

38 

52 9 

0.59 

0.10 

0 49 

0.93 

8.29 

39 

8.4 

0.51 

0,20 

1 0.31 

3.69 

9.11 

40 

13.1 

0.17 

0 024 

0.146 

1.11 

7.65 

41 

53.4 

2.34 

1.75 

0.59 

1.10 

8.74 

42 

53.4 

1,905 

1.15 

0.755 

! 1.41 

9.00 

43 

21.6 

1.39 

1.124 

0.266 

1.23 

8.41 

44 

8.4 

1.62 

1.374 

0 246 

2.93 

8.54 

45 

11.1 

0.09 

0.05 

0.40 

0.36 

7.45 

46 

56.4 

0.66 

0.10 

0.56 

0.99 

7.63 

47 

17.1 

1.44 

1.15 

0.29 

1.70 

9.98 

48 

19.8 

1.41 

1.25 

0.16 

0.81 

8.55 

49 

23.3 

0.095 

0,05 

0.045 

0.19 

6.33 
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colloids, for such soils may be considered as saturated with bases in the sense 
that any excess added would be converted into carbonates. 

That the determination of exchangeable bases by neutral salt reaction can 
be very misleading, is shown by the following experiment in which a heavy 
black cotton soil (P.C.2) was leached with N and 0.2 N NH4CI, and with 0.1 N 
BaCU solution, in 100-cc. lots. Ca was determined in 400-cc. lots of the leach- 
ate. The results are recorded in table 2. 

Table 2 shows that NH4CI solution is not a suitable reagent for determining 
exchangeable bases: BaCb solution on account of the limited solubility of 
CaCOs in it seems to be much superior (1). Considering that leaching with 
BaCl2 solution was not carried beyond 1,2(K) cc., and bearing in mind that only 
Ca w^as determined in the leachate, the auther’s method may be taken as 
comparable to BaCl2 w^ashing. 


TABLE 2 


Removal of Ca from soil P.C.2 in successive washings with NHiCl and BaCh solutions 


SUCCESSIVE 400-CC 
WASHINGS 

ME 

OF Ca FKOM 10 GM OF SOlt 

TOTAj;. KXCHANtiE* 
ABl.E BASES BY THE 

AirrnOE’s method, 
M.E. PEB 10 OM 

OP son. 

V NH 4 CI 

0 2 NH 4 CI 

0 1 A’ BaClj 

1 

8.8 

7 0 

5 6 


2 

2.825 




3 

1.11 




4 

1.96 




5 

1.21 

0 91 



6 

0.165 


mgm 


Total 

16.07 

13.30 

6.44 

8.18 


SUMMARY 

A method for the estimation of total exchangeable bases in soils is outlined. 
It consists in the determination of carbonates by the author's titration method, 
and of total bases by dilute HCl treatment; the diflference between the two 
values giving the exchangeable bases. 

The results of such determinations on 49 soils from different parts of India 
are recorded. 
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In anticipation of a growing need for knowledge regarding methods for 
chemical control of available soil nitrogen during the growth of crops, especially 
of market-garden vegetables, a study has been made of the distribution of soil 
nitrates under the heterogeneity that exists in such conditions, with a view to 
deciding upon a sampling scheme. In a strict sense the data have only a 
local application, but publication of the results supplements the findings of 
Waynick (4) and Prince (3) who studied more uniform conditions, and may 
aid those who wish to work with drilled vegetable crops growing in highly- 
manured soils, fertilized with hand-distributed chemicals, and further supple- 
mented from time to time with side-dressings of soluble nitrogen. 

EXPERIMENTAL PROCEDURE 

Soil 

The areas selected were three ^icve plats of a market-garden rotation 
(1^’) last described by Hartwell and Crandall (2). The soil has been classified 
as Merrimac sOt loam. Since 1916, these plats have received considerable 
quantities of stable manure, for which a mixture of manure with vegetable 
compost has been substituted recently. The manure applied in the spring has 
been supplemented liberally by complete inorganic fertilizers, both in the 
spring and before the second crops that are planted at midseason. Sufficient 
lime has been used to maintain a neutral reaction. The initial application of 
fertilizer for the crops studied was sown broadcast by hand, but certain of the 
early ci<ops that preceded these were fertilized in the hill, and all crops have 
had side-dressings of soluble nitrogen at various times in the growing season. 
Thus, the original uniformity of the soil has been disturbed by the unevenness 
unavoidable in distributing fertilizer by hand, hill fertilization in a few in- 
stances, the application of soluble nitrogen between the rows of the growing 
crops, and variable absorption by the crops. 

> Published by permission of the director of the Agricultural Experiment Station as Contri- 
bution No. 399. 
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Sampling and analysis 

The samples were taken during September and October, 1928, after the 
harvest of the early crops and while beets, celery, and spinach were growing. 
Eight borings were taken from each of five rows extending lengthwise of a 
rectangular plat,^,and within 6 inches of the crop row. The rows selected were 
approximately 4 feet apart and the borings were spaced 5 feet apart in the row. 
The borings are not numbered in the tables presented, but the location of each 
individual result in the table corresponds to its location on the rectangular 
plat. Thus, the tables represent sampling diagrams as well as records of the 
data. 

Each sample consisted of a single core, 0.75 inches in diameter, taken with a 
"‘trier’^ to a depth of 7 inches. The samples were brought to the laboratory, 
passed through a S-mesh sieve, and portions for analysis were weighed im- 
mediately. Nitrate nitrogen was determined by the phenoldisulfonic acid 
method as modified by Harper (1). All results were corrected to a dry soil 
basis by using a uniform correction factor for each set of borings. The factor 
was calculated from the mean of the moisture determinations for 10 cores well 
distributed over the area. Preliminary moisture determinations in a larger 
number of borings showed small variations and it was calculated that the 
probable error of the mean of 10 determinations was less than 0.5 per cent of 
that mean. 

The accuracy of the laboratory method for nitrate nitrogen was checked by 
determinations in 28 duplicate portions of soil. The greatest variation noted 
was 1 p.p.m. of nitrate nitrogen in dry soil. As this is the smallest difference 
that could be shown between two colorimeter readings in the dilutions of ex- 
tract that were used, the actual variations were less than this value. It is 
recognized that there is a laboratory error that varies in magnitude with the 
concentration of nitrates in the solution analyzed, but it is small in comparison 
with the sampling error and has been disregarded. 


Statistical method^ 


The customary formulas for standard deviation (<r) and probable error of 
the mean (PEw) were used. 


<r «= 



PEn. 


0.6745 cr 

Vn 


In the formula for (T, N—1 was used in the denominator rather than iV for greater 
accuracy in dealing with small groups of data. The application of these 
formulas to soil-nitrate studies has been discussed fully by Wasmick (4) and 
Prince (3). For comparison of the nitrate uniformity under different soil and 

* The authors are indebted to pr. T. K. Odland for suggestions as to the use of statistical 
formulas. 
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crop conditions the errors have been calculated as the percentage ratios of the 


errors to their means 


^100 


Thus, for a soil containing 20 p.p.m. of 


nitrate nitrogen, a PEm of 5 per cent signifies that the chances are even that 
the true mean lies between 20 db 1 p.p.m., and about 30 to 1 that it lies within 
3 PEm, or between 17 and 23 p.p.m. in this instance. 

The statistical methods employed are applicable only to data that are dis- 
tributed uniformly about the mean. Although this uniformity can usually be 
assumed, it seemed desirable to test the assumption in this instance. For this 
purpose nitrate nitrogen was determined in 95 borings taken from a 
plat. The results were grouped in classes with limits 5 p.p.m. apart (table 3), 
Although a line connecting the midpoints of the upper sides of the rectangles of 
the histogram charted from these data vras somewhat asymmetrical, the mean 
fell very close to the midpoint of the modal class, and it seems reasonable to 
assume that the lack of symmetry is caused by a dearth of data rather than by 
a true lack of uniformity in distribution. The evidence of normal distribution 
of results about the mean was accepted as satisfactory. 

To show the reliability of composites of different numbers of borings, the 
constants have been calculated for various combinations of the individual 
results as well as for the whole number taken from each plat. Each group of 
20, 13, and 6 results is made up from borings spaced as uniformly as possible 
over the plat and no result was used twice in groups of tjie same size. 

At the outset, a probable error of 5 per cent of the mean was chosen as the 
maximum allowable variation and the data have been studied with this in 
mind. 


DISCUSSION OF RESULTS 

The data reported in tables 1,2, and 3 were obtained from a plat planted to 
spinach September 5. The early tomatoes that preceded the spinach had 
received 60 pounds® of nitrogen applied close to the plants. A mixture of 
nitrate of soda and sulfate of ammonia sufficient to supply 20 pounds of nitro- 
gen was broadcast and harrowed in when the spinach was planted, followed by 
a side-dressing of 30 pounds on October 4. At the first sampling date, Sep- 
tember 18, the plants were still in the cotyledon stage and could not have 
affected samples taken midway between the rows. This set of results has 
been labelled ‘^fallow” (table 1). The second set of samples was taken a 
month later, 2 weeks after the application of the side-dressing, and when the 
crop was one-quarter grown. The borings were taken within 6 inches of the 
row (table 2). A third set, containing 95 borings, was taken October 23 after 
the plants were more than half grown. To save space, only a statistical 
summary of the 95 borings is recorded in table 3. The data were grouped in 
classes for the construction of the distribution diagram already mentioned, 

» All applications are reported on the acre basis. 
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but the statistical constants were calculated from the individual determina* 
tions. 

The quantities of nitrate nitrogen were within the normal range and de- 
creased from 41.7 p,p.m. in the fallow to 35.7 p.p.m., when the crop was quar- 
ter grown, and to 13 p.p.m. at the last sampling date. The probable errors 
calculated as percentages of the means based on approximately 40 borings in- 
creased for the last sampling as compared with the first two, but the general 
uniformity was greater than for the other crops studied. There was a decided 
increase in the probable error for composites of less than 40 borings, and the 
error was usually greater than S per cent when less than 20 borings were con- 

TABLE 1 

N Urate nUrogen infaUoWy September 18, 1928 — Plat 115 


Individual borings^ p.p.m. of NOi-N in dry soil 


25 

25 


35 

35 


51 

58 

58 

35 


58 

41 


19 

62 

37 


33 

45 

62 

58 

53 

41 

53 

49 

33 

33 

33 

26 

27 

41 

37 

29 

41 

58 

49 

41 

33 

58 


Statistical summary 


39 BORINGS 

20 BORINGS* 

13 BORINGS* 

6 BORINGS* 

MPE„ 

per cerU 


per cent 

ilPE„ 

per cent 


per cent 

41.7 ±1.5 

4 

38.2 ±1.9 

5 

42.5 ±1.8 

4 

42.0 ±2.6 

6 



t4S.4 ±2.3 

5 

42.0 ±3.4 

8 

49.5 ±5.9 

12 





40.7 ±2.8 

7 

37.0 ±4.7 

13 






43.2 ±3.2 

7 







36.2 ±3.7 

10 







41.5 ±3,7 

9 










• The results are combined so that each group of borings is distributed over the area with 
equal uniformity, 
t Nineteen borings. 


sidered. There is a noticeable lack of uniformity among the different groups 
of less than 20 borings. 

Two sets of samples were taken under beets; the first on September 5, five 
weeks after the crop was planted, and the second October 9, when the plants 
were full grown. Liberal quantities of nitrogen were applied broadcast and 
in side-dressings for the cabbage that preceded the beets. The data are re- 
ported in tables 4 and 5. Seventy-five pounds of nitrogen in nitrate of soda and 
sulfate of ammonia were applied in three equal applications, the first as a 
broadcast at planting time, the second and third as side-dressings on Sep- 
tember 21 and October 3. The plat is manured twice in each 3-year period 
but not in the cabbage-beet year. 
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TABLE 2 

Nitrate nitrogen under smaU spinach^ October 18 ^ 1028 — Plat 115 


Individual borings, p.p.m. of NOrN in dry soil 


27 




■1 

■1 


33 

31 




mSm 



41 

27 


17 


27 



35 

44 


54 

50 

56 



37 

37 

29 

33 

48 

37 

33 

31 

46 


Statistical summary 


40 UORINOS 

20 BORtNOS* 

l.^ BOKINCS* 

6 BORlNftS* 

Af 

per cent 

MPR^ 

per cent 

MPF^ 

percent 


per cent 

35 7 ±1.2 

3 

34.0 ±1.5 

4 

36.9 ±2.7 

7 i 

29.2 ±2.9 

10 



38,0 ±1.8 

5 

36.2 ±1.5 

4 

35.8 ±1.8 

5 





33.2 ±1.8 

5 

34.8 ±3.0 

9 







44.7 ±4 5 

11 







37.2 ±2.8 

8 







31.8 ±2.7 

8 










* The results are combined so that each group of borings is distributed over the area with 
equal uniformity. 


TABLE 3 

Nitrate nitrogen under half-grown spinach, October 23, 1928 — Plat 115, 95 boringii 


NCVN, p.p.m 

0-5 

5 1-10 

10 1-15 

15. 1-20 

20. 1-25 

25 1-30 

30. 1-35 

35. 1-40 

Number of borings. . . . 

13 

24 

29 

19 

5 

2 

2 

1 


Statistical summary 

Calculated from individual determinations of NOj-N in p.p.m 


95 BORINGS* 

48 BORINGS* 

19 BORINGS* 

12 BORINGS* 

6 BORINGS 

m 

MPE„ 

per 

cent 

MPE„ 

per 

cent 

M 


per 

cent 

u 


per 

cent 

ifPK„ 

per 

cent 

13.0 ±0.5 

4 

12.5 ±0.7 

6 

14.0 

±1.0 

7 

12.1 

±1.3 

11 

13.2 ±0 8 

6 



13.5 ±0.6 

4 

11.6 

±1.0 

9 

14.9 

±1.5 

10 

9.8 ±2.1 

21 





13.6 

±0.8 

6 

13.8 

±1.6 

12 

13.2 ±1.6 

12 





14.9 

±1.4 

9 

12.2 

±0.9 

7 

12.2 ±1.1 

9 





11.7 

±1.2 

10 

12.1 

±1.5 

12 

10.2 ±0.8 

8 








15.7 

±1.7 

11 

15.7 ±2.7 

17 









12.1 

±1.0 

8 

13.3 ±2.9 

22 










. . 

10.7 ±1.5 

14 











10.3 ±1.5 

15 











17.2 ±3.2 

19 


* The results are combined so that each group of borings is distributed over the area with 
equal uniformity. 
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On September S there were 29.9 p.p.m. of nitrate nitrogen under the half- 
grown beets but despite the two side-dressings, the concentration was reduced 
to 4 p.p.m. by October 9 when the crop was ready for harvest. The 4 p.p.m. 

TABLE 4 

Nitrate nitrogen under half -grown beetSf September 5, 1928— Plat 1 12 


Individual boringSj p.p.m. of NOn-N in dry soil 


28 

30 

24 

30 

32 

22 

24 

51 

67 

36 

22 

36 

42 

28 

63 

71 

32 

26 

32 

30 ' 


34 

32 

34 

42 

32 

32 

32 

32 

34 

47 

38 

4 

7 

6 

6 

3 

10 

10 

6 


Statistical summary 


39 BORINGS 

20 BORINGS* 

13 BORINGS* 

6 BORINGS* 

UPB„ 

29.9 ±1.8 

per cent 

6 

M PE^ 

t30.2 rb2.7 
30.0 ±2,4 

per rent 

9 

8 

M PF.„ 

.11.8 ±2.9 
26.5 ±2.4 
32.0 ±3.8 

per uni 

9 

9 

10 

AfPR„, 

32.7 ±1.8 

29.2 ±4.1 

37.8 ±6.4 
34.5 ±5.8 
26.7 ±3.1 

29.3 ±4,4 

per cent 

6 

14 

17 

17 

12 

15 
























* The results are combined so that each group of borings is distributed over the area with 
equal uniformity, 
t Nineteen borings. 


TABLE 5 

Nitrate nitrogen under full-grown beets ^ October 9, 1928 — Plat 112 


Individual borings, p.p.m. of NOi-N in dry soil 


2.8 

2.8 

2.6 

2.4 


4.8 

5.1 

9 2 

2.6 

2.6 

2.8 

7.0 


3. 6 

7.4 

4 6 

3.8 

3.4 

2.8 

7.6 


8.8 

5.0 

6 6 

4.6 

1.6 

1.2 

12.0 


2 0 

3.8 

1.4 

2.4 

1.2 

1.6 

1.4 


2.4 

7.0 

4.6 


Mean of 40 borings 4.09±0.28 
PE^ X 100 

7 per cent 


level was so low that the accuracy of the laboratory method scarcely justifies 
calculation of the statistical constants. By extending the calculations some- 
what beyond the exact accuracy of the determinations, however, a value for 
the probable error was found and is reported in table S. No great reliance 
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should be placed in this constant, but it is evident that the variation is high. 

I he probable error is also high for the half-grown beets, 6 per cent, where 39 
borings were taken, and much greater for composites of lesser numbers of 
borings. The nitrogen in the borings from just inside the outer row of beets 
represented by the lower line of results in table 4, is much less than that from 
the remainder of the plat, demonstrating a lack of uniformity in fertilizer 
distribution. 

wSamples were taken under half-grown celery on September 14 (table 6). 
This crop was preceded by lettuce. A heavy application of manure compost 
was used in the spring and liberal quantities of fertilizer nitrogen were broad- 
cast for the lettuce. Celery plants were set in July but no nitrogen or potash 

TAHLE 6 

Nitrate nitrogen under half-grown celery y September 14, 192fi — Plat 118 


Individual borings, p.p.m. of NO^-N in dry soil 


16 

KJ 

37 

41 

29 

16 

16 

62 

23 

12 

12 

8 

41 

51 

41 

25 

47 

33 

12 

51 

31 

23 

25 

10 

7 

14 

3 

9 

6 

18 

6 

16 

10 

25 

18 

8 

8 

33 

41 

70 


Slathtical summary 


40 BrikiN’c.s 

20 BOHIM.i* 

1 ^ BOUlNOb* 

6 BORING 

b* 

Ml’P-m 

per ( ail 

Af 

per cent 

Af 

per cent 

M rii„ 

per cent 

24.5 dbl.7 

7 

21.5 ±2.\ 

10 

18.5 ±2 2 

12 

16.3 ±3.5 

21 

.... 


27.6 ±2.8 

10 

30.1 ±3.3 

11 

36.8 ±5.6 

15 





21.5 ±2 6 

12 

24.2 ±4 2 

17 







22.5 ±3 1 

14 


* ” 





22 8 ±4.0 ; 

18 




i 

1 



15.5 ±2.6 

17 


* The results arc combined so that each group of borings is distributed over the area with 
equal uniformity. 


was used until August 10 to avoid high concentrations of soluble salts about the 
tender plants in rather dry soil. On August 10, 25 pounds of nitrogen in a 
mixture of nitrate of soda and sulfate of ammonia was applied as a side-dress- 
ing and again on August 31. The plants available on July 12 were only suffi- 
cient to set five rows and the remaining two were filled in July 25. Nitrate 
determinations from borings beside the two rows of younger plants are reported 
in the top line of table 6. The shorter feeding time was reflected in a slightly 
higher average for nitrate nitrogen than that for the remainder of the data. A 
greater variation is evidenced, however, in the fourth line of results, which are 
less than half the average for borings in the other rows. This discrepancy is 
ascribed to uneven distribution of the side dressings. 
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This set of results represents the extreme variability found for this type of 
cropping, and the 40 borings taken were not sufficient to reduce the error to 5 
per cent. Composites of 20 borings or less gave errors of 10 per cent or greater. 

A summary of the data (table 7) for the six different soil and crop conditions 
shows the greatest uniformity for the fallow and for small spinach. As the 
crops increased in size the errors were larger. For the most favorable condi- 
tion studied the probable error varied from 3 per cent with 40 borings to 7 per 
cent as an average for 6 groups of 6 borings. For the least favorable, the prob- 
able errors increased from 7 per cent for 40 borings to 17 per cent for an average 
of 6 groups of 6 borings. At the best these errors are large, but the increased 
accuracy from larger numbers of borings is clear. 

Apparently for conditions similar to those studied composite samples of 40 
borings from B^-acre areas of drilled market-garden crops may be expected 

TABLE 7 

Summary of probable errors for nitrate nitrogen under growing crops, expressed as the percentage 
ratios of the probable errors to the respective means of different combinations of data from 

individual borings 


B tf ACR£ 

BOIUNCS 



QJj 



B01tlNG<i 

PP-mX 


number 

percent 

number 

per cent 

number 

per cent 

number 

per cent 

Fallow 

39 

4 

20 

5 

13 

6 

6 

10 

Small spinach 

40 

3 

20 

S 

13 

5 

6 

7 

Half "grown spinach 

48 

5 

19 

8 

12 

10 

6 

14 

Half-grown beets 

39 

6 

20 

9 

13 

9 

6 

14 

Full-grown beets 

40 

7 







Half-grown celery 

40 

7 

20 

1 

10 

13 

12 

6 

17 


* Average of two groups of borings, 
t Average of three groups of borings. 
t Average of six groups of borings. 


to give errors of approximately 5 per cent; 20 borings, 7 per cent; 13 borings, 8 
per cent, and 6 borings, 12 per cent. 

COMPARISON OF NITRATE SAMPLING DATA FOR DIFFERENT CROPPING CONDITIONS 
AND GEOGRAPHICAL LOCATIONS 

The data of Waynick (4) for a California fallow, presumably unfertilized 
and of Prince (3) for timothy sod in New Jersey were compared with the Rhode 
Island results under vegetables by segregating the data for jfo-acre areas 
measured to scale on the published diagrams of the sampling schemes. The 
comparison is not strictly accurate since Waynick took borings that were 6 
inches in diameter; Prince used composites of three 1-inch borings taken close 
together to form units; whereas the results in this paper are based on individual 
cores I inch in diameter. The depth was approximately 7 inches in each 
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case. The larger borings would undoubtedly tend to overcome the lack of 
uniformity. 

The standard deviation (er) was determined for the greatest number of 
borings reported for the g^-acre area selected in each case. By substituting 
this value in the formula for PEm any number of samples {N) may be assumed 
and the corresponding theoretical probable error (PEm) calculated; or a desired 
PE„i may be substituted in the equation and the number of samples required 
to give this error may be determined. 

TABLE 8 

Comparison of the uniformity of soils from undely separated areas ^ with respect to nitrate nitrogen 
and the number of borings necessary for an adequate sample 
Results are calculated to the basis of g\j-acrc and probable errors arc expressed as per 
cent of the mean 



NUiniEtt OF 
BORINGS 
irsei> AS 
BASIS OF 
CALCULA- 
TION 

APPROXIMATE PE^ TO BE EXPECTED 
FROM CtJMPOSITE SAMPLES 

NUMBER OF BOKTKCS 
REQmRED TO GIVE 
PROBABLE ERROR OF 

40 

borings 

20 

borings 

13 

borings 

6 

borings 

3 

5 



per cent 

Per cent 

per cent 

per cent 

per cent 

per cent 

Rhode Island: 








hallow 

39 

4 

5 

6 

9 

59 

21 

Small spinach 

40 

3 

4 

6 

8 

48 

17 

Half-grown spinach 

48 

5 

8 

10 

14 

135 

49 

Half-grown beets 

39 

6 

8 

ID 

15 

151 

55 

Half-grown celery 

40 

7 

10 

13 

18 

225 

81 

California:* 








Fallow 

33 

3 

4 

5 

7 

34 

12 

New Jersey -t 



1 





'Pimothy (manured) 

16 

3 

5 

6 

9 

53 

19 

Timothy (not fertilized) 

16 

2 

3 

4 

5 

18 

7 

Timothy (NaNOs) 

16 

2 

3 

3 

5 

18 

6 


• Calculated from data published by Waynick (4), 
t Calculated from data published by Prince (3). 


By the use of this method the errors to be expected for nitrate nitrogen in 
composites of 40, 20, 13, and 6 borings have been calculated for the various 
soil and crop conditions (table 8). For the larger groups, the values found 
compare very closely with those obtained by the actual grouping of individual 
results (table 7), and for the average errors of several smaller combinations of 
data, but the errors from single composites of 13 or of 6 individuals often vary 
widely from the average. Great reliance cannot be placed in errors from com- 
posites made up of small groups of individuals when these are calculated from 
the standard deviations of larger groups from similar conditions. 
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The numbers of borings necessary to limit the errors to 3 per cent and to 5 
per cent were calculated and are also presenjted in table 8. 

The most uniform conditions were the unmanured New Jersey plats under 
timothy, followed by the California fallow and the New Jersey plat with 
manure. The Rhode Island areas were the least uniform, as would be ex- 
pected, because of the heavy annual applications of manure compost, hand 
distribution of large mineral fertilizer supplements, soluble nitrogen top- 
dressings, and the nitrate removal by growing vegetable crops in drills during 
the sampling period. Among the different Rhode Island conditions the best 
uniformity was for a faUow and for small spinach. As the crops became larger 
the error increased but differences noted among the different crops, spinach 
beets, and celery, were not sufficient to be ascribed to the specific crops. 

The numbers of borings required to give probable errors of 3 per cent for 
gVacre areas varied from 18 borings for the unmanured New Jersey plats 
under the timothy to 225 borings under growing celery in Rhode Island. For 5 
per cent erroiis the corresponding numbers of borings were 6 and 81. 

It is evident that each problem should be studied before deciding upon the 
sampling method, but certain general conditions may be grouped. Appar- 
ently fallows and broadcast crops will give probable errors of less than 3 per 
cent for nitrate nitrogen if 40 borings are taken for -acre areas and less 
than 5 per cent when 25 borings are used. Drilled crops in manured soils 
supplemented by applications of chemical fertilizer require a minimum of 50 
borings to reduce the probable error to approximately 5 per cent, and especially 
unfavorable conditions may require greater numbers. 

ST7MMARY 

Nitrate nitrogen was determined in 40 cores of soil from manured, limed, and 
fertilized soils under drilled market-garden crops. Sets of samples were taken 
from fallow and from under small spinach, half-grown spinach, half-grown and 
full-grown beets, and half-grown celery. The uniformity of nitrate distribu- 
tion under these conditions, as shown by the usual statistical constants, was 
markedly less than that noted by other workers for fallow and for timothy sod. 
A minimum of 50 borings proved necessary for ^-acre areas of drilled vege- 
table crops to reduce the probable error for nitrate nitrogen to approximately 5 
per cent of the mean. 
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When a paste of soiP or clay in water is caused to flow through a capillary tube 
at a series of different pressures, the volume of the flow during each second 
being measured at each pressure, a flow-curve may be obtained by plotting 
pressure (P) against flow (F), which, it has been shown (5), may be divided 
into four distinct regions. In the first region of pressure, there is no flow at 
all, the limiting pressure for this region being a sort of adhesion value, or 
“yield-value” (1) for the water layer separating the body of paste in the tube 
from the glass wall. Let this limiting pressure be disignated a. 

As soon as a is reached, the body of paste starts to flow as a solid block or 
plug along the tube, sliding through the water envelope, which remains con- 
stant in thickness. This second region of the flow-curve is linear, the straight 
line hitting the pressure axis sharply at a. 

When a second critical pressure, b, is reached, a telescopic type of flow starts 
at the wall: and as pressure is still further increased, the flow-curve slopes very 
steeply upwards, as the width of the region of telescopic (or “fluid”) flow 
increases in thickness toward the centre of the tube at the expense of the 
central plug. 

Finally, in the fourth region, the “plug” has virtually disappeared, and the 
material streams as a fluid, giving a straight-line flow-curve having a slope 
about a hundred times that of the second region, or plug straight line. 

The critical pressures a and b dej^end on the radius and length of the capil- 
lary tube used, but it has been shown that if we set 


A 


2L 


and B 


2L 


^ The author, who is a staff member of the Rothamsted Experimental Station, Harpenden, 
England, performed the work reported in this paper, in the Baker Laboratory of Cornell 
University. 

The author wishes to express his thanks to Prof. W. D. Bancroft of Cornell University for 
much help and many suggestions, to the director and staff of the New Jersey State Agricul- 
tural Exp)erimcnt Station, and especially to Drs. J. S. Joffc and L. L. Lee, who supplied a 
number of soil samples and explained their classiheation. 

* Gravel and coarse sand arc first removed by sieving, the finest sieve used for the paste 
being 100 meshes to the inch. 
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where If is the radius, and Z, the length of the tube, A and B, (which are now 
stresses per unit area on the wall of the tube), are independent of the values 
of R and L, provided that R and L are reasonable in value. The physics of 
the flow-curve in general is complex, and as this matter has already been dis- 
cussed in detail, the discussion need not be repeated here (2, 3, 10). 

For some time it was believed that the measurement of the slope and ex- 
trapolated intercept of the fourth region straight line [which were called ‘‘mo- 
bility” and “ 3 deld-value” respectively (2)], constituted a measurement of the 
“plasticity” of a material, though no exact definition was attached to that 
term. However, the term “plasticity” is a very ancient one; not only had 
^ VXa<rriK6s” a very definite meaning to the Greeks, but it is found that the 
same meaning, only rather more defined, is associated with the term by prac- 



Fig. 1. Flow Curve op Soil 

tical ceramists and others today. In a recent paper (4), this whole question 
has been discussed, and it was decided by the author that the following defini- 
tion, given by Wilson (11), expressed, perhaps better than any other yet put 
forward, the idea underlying the term “plasticity,” both with respect to its 
traditional and its modem requirements. Wilson definds plasticity as “that 
property which enables a material to be deformed continuously and perma- 
nently without rupture, during the application of a force which exceeds the 
yield-value of the material.” 

Now, it has been becoming increasingly clear for some time that plasticity 
defined in this way is not measured by mobility and )deld-value; and yet it was 
felt that there should be sobae connection between plasticity and the flow- 
curve. In seeking for this connection, the following empirical fact was estab- 
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lished (4): If pastes of clays in water are compared at such (different) concen^ 
trations of water that they show the same A-value, then the B^values measured at 
these concentrations are very closely related to the plasticity of the material^ in the 
Wilson sense. Since the test is still not fully understood, and since the use of 
the Wilson definition is, in a sense, arbitrary, it was decided to call this property 
^^flow-plasticity rather than simply “plasticity.’’ 

For convenience, the flow-plasticity is defined as the value of B in dynes per 
square millimetres, for a paste at such a water-content that it gives an ^4 -value 
of 1 dyne/mm.2 jjj certain cases, however, 1 dyne/mm.* is too high a value 
for j 4, for convenience and accuracy. For this reason, whereas B' will be 
written for the true flow-plasticity, S « will refer to a similar property, when 
A is m, instead of 1 dyne/mm.^ 

In comparing two materials, the relative true flow-plasticities and the rela- 
tive flow-plasticities at some value of A other than 1 should, of course, agree. 
This is not accurately the case: plasticity depends on the whole curve relating 
A to B for different concentrations, but the discrepancies are not great, and it 
is believed that, provided reasonable ^-values® are chosen, the correlation with 
true plasticity is sufficiently close to be of considerable practical use. 

The foregoing is a very brief description of the measuring and origin of flow- 
plasticity. For details, both in the theory and technique, the original papers 
(4, 5, 9, 10) should be referred to; but the discovery of a new method of meas- 
uring quickly, and with fair accuracy, something very closely allied to plastic- 
ity seemed of such significance with reference to soil work, that certain pre- 
liminary experiments were immediately undertaken. An outline of these 
experiments forms the subject of the present paper. 

EFFECT OF LIME AND CHALK ON THE FLOW-PLASTICITY OF A HEAVY SOIL 

It has already been shown (9) that if pastes of soils treated with chalk and 
lime are compared at the same moisture-content, the yield-values^ are reduced, 
as compared with a control sample, to an extent depending on the time, and on 
the extent of the dressing. This reduction was shown to parallel a reduction 
in the force required to draw the plough through the soil. It is known that 
the addition of large dressings of chalk and lime make ploughing lighter; and 
since the less plastic the soil, the less the force required to deform the sod be- 
fore its rupture by the mouldboard, and hence the less the energy wasted, it 
was thought that lime and chalk would be expected to reduce the flow-plastic- 
ity of a soil also. To test this prediction, a sample of Cornell University farm 

* In actual practice, it is not necessaiy to adjust the ^ -value to exactly 1 d3me/mm.* 
If a reading is taken at a value just greater than 1, and the material is then diluted and another 
reading is taken at a value rather less than 1, the B- value corresponding to « 1 can be 
obtained from the other figures by means of a simple interpolation, since, over small ranges at 
least, A and B are linearly related. 

^ Intercept of the fourth region of the flow-curve extrapolated to the stress or pressure axis. 
Also called “rigidity” (or more correctly, “limit of rigidity”) or “shearing strength.” 
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soil (Dunkirk silty clay loam), taken from a plot which has been fallow for 
some years, and practically free of carbonates, was divided into a number of 
portions, and these were treated at the ordinary field condition of moisture 
with different amounts of chalk and lime.® Tests on flow-plasticity were made 
after 1-2 and 12-14 days respectively, and it was established that: 

Lime, in quantities as small as 1 part to 1,000 reduces the plasticity of the soil. 

This effect is more marked when the lime is finely ground than when it is coarsely ground. 

Chalk reduces the plasticity, but to a lesser extent than does lime. 

The reduction in plasticity is a slow process, being greater after a fortnight than after two 
days. 

The results are given in table 1. 


TABLE 1 

Results on tests of flow-plasticity* 


TREATMENT 

(1-2 DAYS) 

(12-14 DAYS) 

Control 

d/mtn.^ 

10 6 

10.4 

8.1 

6.8 

8.7 

8.0 

d/mm* 

10.6 

9.7 

7.9 
(8 8)t 
7.2 

7.8 

1 part lime per 1,000. 

S parts lime per 1,000 

20 parts lime per 1,000 

20 parts lime per 1,000, but lime coarser ground 

20 parts chalk per 1,000 



* All flow'plasticity data given in this paper were obtained at a temperature of 25°C. 
t This figure is unreliable, as there was a leak in the apparatus. 


FLOW-PLASTICITY AS APPLIED TO THE STUDY OF THE SOIL-PROFILE 

It is clear that, as the finer soil particles are leached through the soil, there 
will be changes in plasticity as we pass from one subhorizon of the soil to 
another. In general, for soils where the maturing process is a podzolization 
process, the B horizon will be expected to be more plastic than the as the 
finer particles of soil accumulate in the B horizon. Although this is indeed the 
case, it is very curious that in all four of the experiments which have been 
completed, “sticky-point” (7, 8) measurements have shown no increase in the 
amoimt of water the soil can hold in its most plastic condition in passing from 
the .4 to the jB horizon. Although there is no direct relationship between the 
plasticity of a soil and its water absorption capacity, one would have expected 
that, since the finer soil particles do, in general, hold more water than the 
coarser ones, the sticky-points should have followed the plasticity figures. It 

* It seems that the ceramists are already aware that ^^Carbonate of Lime reduces the plas- 
ticity of clay” (6, p. 27): but the matter does not appear to have been investigated in much 
detail. 
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is not known whether this phenomenon is at all common.® The results of 
measurements on soil profile samples are given in table 2. 


TABLE 2 

Measurements of sticky-points and flow-plasticity figures in virgin soils 


nosizoN* 

B'o • 


Penn silt loam (New Jersey) 

A. 

3.4 

38.0 

A, 

3,4 

26.0 

B. 

4.9 

23.0 

B, 

3.6 

22.5 

c 

... 

21.0 


Dunkirk silty-clay-loam (New York) 


A 

4.6 

23.5 

B 

6.6 

23.0 

C 

4.6(?) 

20.0 


Rough, stoney, and broken land (New York) 


Ao 

4.9 


A 

6 5 


B 

7.3 

.... 

C 

3.7 

.... 


Hagerstown silty-day-loam (New Jersey)X 


A 

3.0 

23 0 

B, 

3 8 

21.0 

B2 

4.8 

25.0 

c 1 

4 0 

25.0 

Volusia sill-loam (New York) 

A 

3.2 

34.0 

B 

3.7 

31.5 

C 

2.7 

23.0 


* Since all gravel and even coarse sand has to be removed before the flow-plasticity test 
can be carried out, it is clear that measurements on the C-horizon are likely to be inaccurate. 
The interest lies chiefly in the A- and J5-horizons. 

t if = gm. of water per 100 gm. of mixture at concentration of maximum plasticity. Deter- 
mined by heating in oven for 24 hours at 110®C. 

t Thh soil was tested at rhther too low an -value. The results are not very accurate. 

FLOW-PLASTICITY AS RELATED TO SOIL-TYPES 

It is clear that a single measurement of the plasticity of a soil could not be 
related simply to a function depending on as many factors as does soil-type. 

* Since sending this paper to press 1 And that this phenomenon has already been ob- 
served (see Baver, L. D., Jour, Amer. Soc, Agron., 1930, 22: 935). 
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The plasticity would be expected to depend chiefly, if not entirely, on the tex- 
ture of the soil, at any rate provided there was no great quantity of organic 
matter to confuse the issue. For this reason it was thought advisable to add 
to heavy soils, varying quantities of a standard fine sand as an inert material, 
thus measuring not only the flow-plasticity of the soil, but also that of each 
mixture, and determining the power of the soil to retain its plasticity on dilu- 
tion with an inert material.’^ By plotting flow-plasticity against percentage 
of added sand, ‘^dilution curves” characteristic of the soil can be obtained. 

The sand is prepared in the following standard way: 

Ground sand® contains no particle which will not pass the 100-mesh to the inch sieve, but 
it contains a good deal of silty material which may not be “inert” plastically. For this 
reason, 250 gm. of this sand was shaken in a tall cylinder, with distilled water made up to 1 
liter. The mixture was allowed to stand for a quarter of an hour, and the unsettled material 
was then decanted, the sediment being filtered dry, then air dried, and bottled ready for use. 


TABLE 3 

Soil dilution curves* 




FO* SOIL NUMBER 


FEK CENT ADDED 






SAND 

(i) 

(2) 

(3) 

(4) 

(5) 

0 

.... 

12.6 

11.7 

7.3 

8.3 

10 

.... 

10 2 

9.9 

6.3 

7.9 

25 

16.7 

8,6 

9.0 

5.9 

7.2 

35 

14.7 

6.5t 

7.9 

5.7 

6.9 

50 

10.5 

4.9 

5.8 

4.6(?) 

6.0 

00 

8.4 

2.8(?) 

4,9(?) 


1 • • • 

70 

6.2 



... 

! 


* Soils: 1. Whippany silty clay (N. J.). 2. Dunkirk silty clay loam (N. Y.). 3. Volu- 
sia silty clay loam (N. Y.). 4. Penn silt loam (N. J.). 5. Croton silt loam (N. J.). The 
soils were taken from the top few inches with no special sampling precautions, with the 
exception of the Penn silt loam, which was a B-horizon. 

t This sample was 36 per cent sand. 

Table 3 and figure 2 show characteristic figures and curves for a number of 
soils. It will be observed that these curves are remarkably linear, but, on 
extrapolation, do not meet at a single point. As 1(X) per cent sand is presum- 
ably without plasticity (or almost so), it is probable that the linearity is only 
apparent, and that if measurements could be made over wider ranges of sand 
concentration, the curves would be found to be curvilinear. It is clear that 
the capacity to retain plasticity on dilution does not follow hand in hand 
with plasticity itself. Thus two soils within the same textural group (e.g. 

’ This is not unlike the Bischof plasticity test (6, p. 47) which has been used for ceramic 
clays. 

® Supplied by the Ottawa Silica Co., Ottawa, 111. 
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nos. 2 and 3) may reverse the order of their plasticities on being diluted with 
sand, one being more plastic when both are ‘‘heavy,’’ and the other more plas- 
tic when both are diluted. The soils chosen represent clearly marked textural 
types, as is plainly evident from their grouping in the figure. It is believed 
that these curves should be of interest in relation to soil classification. 

It has been found (1) that soils which have been air dried do not always show 
regular “plug-flow,” when made into a paste with water, and that the process 
of the recovery of regularity in this respect is a complex one. It is now be- 
lieved by the writer that this loss of regularity is less common than was at 
first supposed. All of the soils used in experiments 2 and 3 were air dried, 
and in no case was the behavior so irregular as to prevent reliable measure- 




^ /o 70 

/ c/ay 

Jt e/ay /oam 

Ji6/itsea ff ft 
^ /h/io ^e/t /earn 
Cro/or* » * 


Fjg. 2. Characteristic Soil Dilution Curves 


ments being made, though several of the samples showed signs of irregularity. 
Thus the Penn silt loam pastes had to be sheared up to five or six times before 
a consistent, rei)roducible curve was obtained. At each pressure the system 
came to a dynamic equilibrium only after about a minute’s flowing. In nor- 
mal soils, this takes place within a few seconds. 

SUMMARY 

A brief desription is given of the way in which flow-plasticity is measured; 
and the relationship between flow-data in general, and plasticity in the sense 
defined by Wilson is discussed. It is claimed that flow-plasticity should give 
an interesting test for studying changes taking place in the physical properties 
of soils; and three cases, where changes are caused by {a) addition of chalk and 
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lime, {b) the normal leaching process, and {c) addition of sand to a heavy soil, 
have been investigated, and are quoted. It is shown that the plasticity of a 
soil is diminished by the addition of lime and chalk. 
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The problem of the action of organic matter in soils and its direct influence 
on the green plant is by no means settled. Whether many of the essential 
elements are more available in organic combination, as indicated by Grandeau; 
whether the specific compounds released by decaying plant and animal life 
become available and act readily and directly on the plant as nutrients, stimu- 
lants, or poisons, as seems possible from the results of Schreiner and his co- 
workers at the Bureau of Soils (18, 19); whether the organic matter is the food 
of the microscopic life in the soil and this life forms compounds which can be 
assimilated by plants; or whether there are in the organic material certain 
‘^accessory substances^’ (4) of which minute quantities have great influence on 
growth, comparable with vitamins in animal life are questions to which the 
final answers have not yet been given. 

Intimately bound up with the action of organic matter already in the soil 
is the function of organic fertilizers. The value of farmyard manure has been 
generally recognized to be greater than the value of the content of the chief 
elements in fertilizers. This has been ascribed to varying causes, including 
the increase in the bacterial activity in the soil to which manure is added. 
Bottomley (3) suspected the presence in the decomposing manure of accessory 
substances which would play an important part in the nutrition of plants. 
He experimented chiefly with Lemna and concluded that there existed '‘auxi- 
mones’* or growth-promoting substances, similar to vitamins and necessary 
for the growth of green plants. 

In a previous communication (9) we reported experiments which showed 
that it is not necessary to add organic matter in order to obtain healthy repro- 
duction of Lemna major {Spirodela polyrhiza) in solutions made from recrystal- 
lized inorganic salts and specially purified distilled water, and that the organic 
''auximones” postulated by Bottomley are not essentials for the growth of green 
plants. These results were later confirmed by other investigators, notably 
by Saeger (17), who used a diluted Knop’s solution and Lemna major; by 
Wolfe (20), who used Shive’s solutions and Lemna minor; and by Ashby in 
London (1) with the authors’ medium and Lemna minor. 

* Contribution from the department of chemistry. A preliminary note by the senior 
author on the sterilization of Lemna appeared in Science, 1930, 71 : 268. 
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Although auximones were thus shown to be unlike vitamins for animals, in 
as much as they are not essentials for growth and reproduction, the stimulating 
action of very small quantities of organic substances was still unexplained. 
Livingston (11) pointed out the marked effect on the growth of plants of small 
amounts of organic matter when added to inorganic nutrient solutions; Mock- 
eridge (14), Schreiner (19), and others have shown that decided stimulation 
occurred when extracts of soil or manure, or definite organic substances, were 
added to plant cultures. Ashby (2), who found stimulation of Lemna minor 
in our inorganic medium, considers the action of the organic matter to be 
catalytic in nature; Olsen (16) believes that it is connected with the existence 
of iron in organic combination in soil or manure extracts, or due to the greater 
availability of iron in such complex ions as those from ferric citrate. Wolfe 
(20) failed to get any increase in Ure reproduction of Lemna minor when he 
added a number of organic compounds to Shive’s medium. 

In order to investigate this stimulation of Lemna by organic substances it 
was. necessary to obtain further information concerning the habits of the 
plant. The pH of the medium was determined in connection with the rate 
of reproduction, and an optimum of 4.8 found for the solution used (6). The 
plants were found to grow well under artificial light (5) without addition of 
organic matter. This was later confirmed by Ashby’s work (1). Manganese 
has been claimed as an essential element for the growth of plants by McHargue 
and others (12). In this laboratory there was no indication that manganese 
was necessary for the Lenuia; it was shown also that (his element increased 
somewhat the weight of the plant and that there was an optimum concentra- 
tion for this, but the manganese had no effect upon the rate of reproduction 
( 8 ). 


NON-STEEILE EXPERIMENTS 

With these details known it was possible to turn to the effect of organic 
matter. In the following experiments the solution contained, in miUimoles 
per liter: 0.4 monocalcium phosphate, 8.0 potassium nitrate, 1.0 magnesium 
sulfate, 0.01 ferric chloride, and of manganese as manganous chloride 1 part 
in 10 million; the pH was kept at 4.8 by the addition of KOH where necessary. 
The plant cultures were grown in 250-cc. beakers in the sunlight. The beakers 
were placed in a thermostat which was kept at 25 C. The same technique was 
used for reciystallization of salts (7) and for the purification of distilled water 
as described previously (5). All glassware was pyrex. 

The rate of reproduction is given as in the formula 

logio N/N, « m - h) 

where N is the number of fronds at any time t (5). When log N is plotted as 
ordinate and t as abscissa the result is a straight line, the slope K indicating 
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the speed of reproduction. The “generation time” — the average time for the 
plant to reproduce itself — is given by the equation 

„ 1okio 2 0.3010 
G. T. — i; — 

K K 

As the cultures were grown in sunlight, which varied from one experiment to the 
next, comparisons were made with controls in the inorganic medium made up 
as stated. The stock cultures have been growing for several years in this 
medium without the addition of organic matter. 

Extracts were made of soil, of well-rotted farm-yard manure, and of alfalfa 
by maceration and twice digesting with distilled water at 70 C. for four hours 
with occasional shaking. The filtrates were combined and evaporated in 



Fig. 1. Rate of Reproduction (K X 100) of Non-sterile Lemna in Inorganic Medium 
WITH Extracts of Organic Matter in Parts Per Million of Dry Matter 


vacuuo at 65 C. They were then made up to a knowm volume and the concen- 
tration of solid matter was determined. The extracts were kept in the ice 
box in order to keep down the growth of microorganisms. Sufficient solution 
was added to the inorganic medium to give the desired amount of organic 
matter in 250 cc. and the pH was adjusted to 4.8. The plants were changed 
twice a week and the number of fronds counted. 

Figure 1 shows the curves obtained when K is plotted on the number of parts 
per million of the three extracts. Both soil and manure extracts produced a 
rapid increase in the growth rate up to an optimum concentration, larger 
amounts lowering the speed of reproduction. Ashby (2), who used up to 20 
p.p.m. of organic matter, did not find any decrease. The alfalfa curve indi- 
cates an increase in growth at some concentrations, but both large and small 
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amounts show a tendency to depress the rate of reproduction below the con** 
trol. Signs of stimulation were observed also with extracts of yeast, carrots, 
and barley. 

We obtained similar results in other inorganic media. Saeger (17) attempted 
to grow the Lemna in a solution made up of 1 gm. of each of KINO 3 , KH 2 PO 4 , 
and MgS 04 - 7 H 20 , 3 gm. of Ca(NC)8)2*4H20; 0.24 gm. of FeCb; in 6 liters of 
distilled water, but failed to get reproduction and health in the plants until the 
solution was diluted from 10 to SO times. The pH of the undiluted solution, 
which is approximately 3.6, is much too acid for Lemna. We found that this 
medium had an optimum pH near 4.9 with a comparatively narrow range for 
good growth. When this undiluted solution was kept at the optimum pH and 
the manure and soil extracts were added, an increase in the rate of reproduction 
resulted, but it was smaller and the rise Hess abrupt than with our medium. 
The addition of asparagin and urea caused a depression of the rate at nearly all 
concentrations; this agreed with Wolfe's observations (20). 

These results point to the conclusion that small quantities of organic extracts 
added to a variety of Inorganic solutions can stimulate the reproduction of the 
Lemna not only under unfavorable conditions but also at the pH which is an 
optimum for growth in the inorganic solution. Bottomle^^ (3), Mockeridge 
(14), Saeger (17), Ashby (2), and Olsen (16) have also reported this stimulation, 
and no inorganic solution has been described which will not be improved by 
some form and concentration of organic matter. 

The addition of organic matter invariably increased the number of micro- 
organisms in the nutrient media. In many cases the roots of the plants be- 
came coated with a fungus-like material which could not be washed off, and 
under the microscope showed large numbers of algae, fungi, and bacteria. To 
determine definitely the effect of the organic matter it seemed necessary to 
grow the Lemna under completely sterile conditions, so that the direct influ- 
ence of different organic compounds and extracts could be studied free of 
bacterial action. 


STERUZATION 

Hansteen (10) in 1899 attempted to sterilize Lemna minor by washing re- 
peatedly with sterile water, and incubating in egg albumen. If there was no 
turbidity developed or ammonia evolved the plants were considered to be 
sterile. In repeating this we found that after washing the plants for one hour 
with sterile water, some of the albumen tubes remained clear. On transferring 
a small amount of the clear albumen to a nutrient agar, bacterial growth was 
invariably found after a few days. 

Our next attempt was made by exposing the plants to ultra violet ra 3 's from 
a mercury vapor lamp. The technique was varied for time of exposure, dis- 
tance from the light, wet and dry, in different concentrations of a large number 
of organic and inorganic chemicals, by alternate shaking and exposure with and 
without centrifuging, and by varying the temperature from the freezing point 
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Upward. It was easy to kill the microorganisms, but with an exposure long 
enough to do this, the plants failed to reproduce in almost all cases. Further, 
there were indications that bacteria were frequently destroyed on the outside 
of the Lemna, but that some remained alive within the tissues. If a treated 
plant was dragged across the surface of an agar plate, growth often occurred 
only at the edges of the plant; also plates which showed no bacterial growth 
after several days produced colonies when the plants were macerated. 

Two chemicals gave promise of complete sterilization when used with the 
ultra violet light. Potassium mercuric iodide K 2 Hgl 4 has been recommended 
as a germicide by Macfarlan (13) and others because the presence of organic 
matter does not reduce its germicidal action, and because it does not precipi- 
tate proteins. Bleaching powder was suggested as a possibility Wann.* Both 
of these chemicals, at one of the concentrations tried and with varying amounts 
of ultra violet light, gave a frond which remained alive and around which no 
bacterial growth developed on the nutrient agar. These two were therefore 
investigated further and it was found feasible to dispense with the ultra violet 
light altogether. 

After treatment with the potassium mercuric iodide or the bleaching powder 
solution the plants were washed with sterile water and transferred to flasks 
containing our inorganic solution together with 1 gm. of bacto-nutrient agar 
per liter. In this medium at a pH of 4.8 both the non-sterile plants and bac- 
teria developed readily. Without the ultra violet light, after 15 to 60 seconds 
contact with a solution of K 2 Hgl 4 , at a concentration of 1 to 1,000 of the in- 
organic medium, some plants reproduced and were sterile. Under the same 
conditions, but for a saturated solution, the CaOCh gave slightly better results. 

The final sterilization technique was as follows: a non-sterile Lemna frond 
from the inorganic solution was washed with sterile water and transferred by 
a fork-shaped platinum w^ire for 30 seconds to a freshly prepared CaOCh 
saturated solution. It was then washed again and placed in an Erlenmeyer 
flask, with the usual cotton stopper, containing the sterile medium already 
described. These flasks w^ere kept at 25®C., away from direct sunlight, for 
five or six days, when the plants in those that appeared sterile were transferred 
to fresh medium. The fronds can be grown by transferring them to the pure 
inorganic medium directly after washing, but the bacto-nutrient agar readily 
shows those wrhich are non-sterile. 

From 400 plants 30 lived and were sterile. The outer part of the frond 
gradually withered, but the buds that were put out in the reproduction seemed 
to be unharmed and continued to reproduce. Transfers were made twice a 
week to the bacto-nutrient medium and a number of cultures inoculated into 
the purely sterile inorganic medium. Particular care was needed in the chang- 
ing process in order to prevent contamination; the transfers were made in a 
small room sprayed beforehand with HgCU solution. The plants have been 

* Dr. F. B. Wann, in a private communication. 
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growing for nearly a year in the sterile inorganic medium, and they are checked 
periodically for contamination. No growth was found on the bacto-nutrient 
agar, dextrose agar, bacto-nutrient broth, and other media. Plate 1, figure 1, 
shows the growth on the different media after about 10 days for the non-sterile 
Lemna from the inorganic solution, compared to the plants from the sterile 
cultures. Plate 1, figure 2, shows the Lemna in the inorganic solution in the 
Erlenmeyer flasks. 


TABLE 1 

Effect of organic matter on the reproduction of sterile and non-sterile Lemna 


TREATMENT 

NUMBER 

TREATMENT OF INORGANIC MEDIUM 

X X 100 

CONDITION AT 
END OF 
EXPERIMENT* 

45 

Autoclaved 20 pounds 15 minutes 

5.3 

S. 

47 

Autoclaved 20 pounds 15 minutes 

5.1 

S. 

48 

Autoclaved + 80 p.p.m. non-sterile manure extract 

6.2 

n.s. 

49 

Autoclaved -f- 80 p.p.m. non-sterDe manure extract 

6.3 

n.s. 

50 

4- 80 p.p.m. manure extract. Autoclaved 

5.3 

n.s. (contam- 
inated) 

51 

-h 80 p.p.m. manure extract. Autoclaved 

5.4 

s. 

52 

-f- 80 p.p.m. manure extract. Autoclaved + 1 drop 
bacterial infusion 

6.5 

n.s. 

53 

-f 80 p.p.m. manure extract. Autoclaved -f 1 drop 
bacterial infusion 

6.6 

n.s. 

54 

-f 80 p.p.m. manure extract. Autoclaved 4- 1 drop 
bacterial infusion 

6.7 

n.s. 

55 

Autoclaved 4- 1 drop bact. infusion 

5.5 

n.s. 

56 

Autoclaved 4- 1 drop bact. infusion 

5.5 

n.s. 

61 

+ 80 p.p.m. manure extract. Autoclaved 4* 1 cc. in- 
organic medium in which non-sterile plants had 
grown 

1 

n.s. 

62 

4- 80 p.p.m. manure extract. Autoclaved + non- 
sterile plants 

B 

n.s. 


* s. *= sterile; n.s. = non-sterile. 


EXPERIMENTS WITH STERILE LEMNA 

Extracts of organic matter were prepared as before but were autoclaved at 
20 pounds pressure for 15 minutes. When the non-sterile plants were added 
to the sterilized nutrient medium containing the organic matter, an increased 
rate of reproduction occurred, showing that the treatment did not destroy 
the capacity to stimulate. Ashby (2) also has noted that autoclaving the or- 
ganic extracts did not impair their stimulating properties. 

Preliminary experiments with the sterile plants and organic matter showed 
a complete absence of stimulation over the plants in the autoclaved inorganic 
medium, and in several cases reproduction was slower where the organic matter 
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was present. When the sterile inorganic solutions containing the soil or 
manure extracts were inoculated with a drop of a suspension containing bacteria 
from the non-sterile plant, the rate of growth was increased. Indications 
were, therefore, that the sterile plants without organic matter grew as well or 
better than with the extracts in the solution, and that organic matter which 
increased the growth of the non-sterile plants, might depress the reproduction 
rate in the absence of microorganisms. 

These conclusions were tested in two different experiments. In the first, 
a comparison was made between the inorganic medium alone, and this solution 
with sterile and reinoculated manure extracts. Table 1 shows the effect on 

TABLE 2 


Efect of organic matter and bacteria on the reproduction of Lemna 


TREATMENT 

NUUBER 

TREATMENT OF INORGANIC MEDIUM 

K X 100 

CONDITION 
AT END 

OF EXPERI- 
MENT* 

10 

Autoclaved 

5.0 

S. 

11 

Autoclaved 

5.1 

S. 

12 

Autoclaved -f 1 drop bouillon infusion with non-sterile 
plant 

4 7 

n.s. 

13 

Autoclaved -b 1 drop sterile bouillon 

3.7 

s. 

14 

-|- manure extract 80 p.p.m. autoclaved 

5.1 

s. 

IS 

-f manure extract 80 p p.m. autoclaved 

5.3 

s. 

18 

-f manure extract 80 p.p.m. autoclaved -i- i drop bouil- 
lon infusion 

7.3 

n.s. 

19 

-f manure extract 80 p.p.m. autoclaved 4- 1 drop bouil- 
lon infusion 

7.1 

n.s. 

16 

-f- alfalfa extract 130 p,p.m. autoclaved 

mm 

s. 

17 

-f alfalfa extract 130 p.p.m. autoclaved 

■M: 

s. 


4- alfalfa extract 130 p.p.m. -f- 1 drop bouillon infusion 

6.1 

n.s. 

21 

-f- alfalfa extract 130 p.p.m. 4- 1 drop bouillon infusion 

L 

6.1 

n.s. 


* s. ~ sterile; n.s. = non-sterile. 


the rate of growth of the Lemna. The initial pH was 4.8 and the solution was 
changed twice a week for five weeks. The bacterial infusion for numbers 52 
to 56 was made from a 3-day inoculation of the non-sterile plants into bouillon. 
One drop was added to each flask when the solution was changed. 

Urea, acetamide, and creatinine were also added and sterilized. The urea 
depressed the growth of the sterile Lemna markedly, but the acetamide and 
creatinine had little effect. With the addition of the bacterial infusion there 
was a decided depression in the reproduction rate for all three. 

The figures for K show that there was an increase in the rate of reproduction 
when the non-sterile manure extract (nos. 48 and 49) was added to the sterilized 
inorganic solution (nos. 45 and 47). When this extract was autoclaved (nos. 
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50 and 51) there was no increase in growth unless it was reinoculated with the 
bacterial growth from the non-sterile plants themselves (no. 62) or from the 
non-sterile plants in bouillon (nos. 52, 53, and 54), or with some of the solution 
in which they had grown (no. 61). One drop of the bacterial infusion alone 
in the inorganic medium increased the rate but little (nos. 55 and 56) so that 
the accelerated reproduction comes from the presence of both the extract and 
the bacteria. The presence of the microorganisms was distinctly unfavorable 
with the pure organic compounds used. 

The second experiment ran for four weeks. A fresh manure extract was used 
and the result checked the former lack of increase when the sterile extract was 
added to the autoclaved inorganic medium. In this group alfalfa extract was 
included and again inoculation was needed before stimulation occurred. 
Table 2 shows the treatment and the growth rate constant. 

A number of pure cultures of bacteria were obtained from the bacteriologi- 
cal department and sub-cultured in bouillon, but no one alone was better than 
the plant organisms when added to the inorganic medium with 80 p.p.m. of 
manure extract. The following were the pure cultures used in order of increas- 
ing stimulation: BacL coli; CL sparogenes; Ps. fluorescens liquefaciens; BacL 
aerogenes; CL Welchii; staphylococcus aureus; B, subtilis; Erythro b,prodigiosus. 
The reproduction constant (K X 100) varied from 5.0 to 6.7, with the sterile 
controls in the inorganic medium giving 5.0 and 5.1. 

CONCLUSIONS 

In no case have we found a stimulation of the reproduction of the Lemna in 
the inorganic medium, either from pure organic compounds or extracts of sub- 
stances containing organic matter, when the plants are grown under sterile 
conditions; in some cases, especially with the organic substances like urea and 
creatinine, there has been a depression of the rate of growth in the sterile solu- 
tions compared with the controls in the inorganic medium. Reinoculation 
with microorganisms from the non-sterile plants or from the soil or manure has 
increased the rate of reproduction except in a few cases. Inoculation with 
pure cultures of bacteria has given in general an increase, although one or two 
did not stimulate the growth; in no case was the increase as great as inoculation 
with mixed cultures from the non-sterile plant. 

The sterile plants have invariably reproduced slightly faster than non- 
sterile when no organic matter was present. Mockeridge (15) found evidences 
of stimulation when dead cultures of Azotobacter were added to the inorganic 
solution, but we have found no significant increase with either dead or living 
bacteria when added to the sterile inorganic medium. These facts would 
indicate a parasitic nature for the bacteria rather than a symbiotic relationship 
with the plant. If there is no organic matter present except plant tissue, this 
serves for the bacteria; if there is other organic matter in the medium, the 
bacteria attack this and ifi many cases produce— by decomposition or S)m- 
thesis— substances which stimulate the plant. This, however, is theory and 
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is negatived by the fact that if sterile and non-sterile cultures in the inorganic 
medium are changed only once a week, the comparison soon becomes markedly 
in favor of the non-stcrile group for general appearance. On the other hand 
when the sterile plants were grown on an autoclaved suspension of Carrington 
loam they quickly began to die, whereas reinoculation caused excellent growth 
and rapid reproduction. 


SUMMARY 

Lemna major has been grown for several years in a purely inorganic medium 
under non-sterile conditions. 

The rate of reproduction is increased by the addition of small amounts of 
extracts from manure and other organic substances, but the inclusion of the 
organic matter increased the number of microorganisms. 

Attempted methods of sterilization included ultra violet light and germicides. 
A technique was worked out by which K2Hgl4 and CaOCb sterilized the plants. 

Under sterile conditions extracts of organic substances which before stimu- 
lated now had no effect or depressed the rate of reproduction. On reinoculat- 
ing, stimulation occurred as before. The growth of the sterile plants was 
always rather faster than the non-sterile in the inorganic medium. 

Pure cultures of bacteria varied in their effect in the solution containing 
organic matter-- some increased the rate of reproduction and some did not. 

None of the pure organic compounds which were tried gave any stimulation, 
either under sterile or non-sterile conditions. 
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PLATE 1 

Growth op Sterile and Non-sterile Lemna 

Fig. 1. Sterile and non-sterile Lemna after 10 days on different nutrient media. The 
culture on the extreme right is non-sterile. 

Fig. 2. Sterile Lenma in inorganic nutrient solution. 






THE LAWS OF SOIL COLLOIDAL BEHAVIOR: V. ION ADSORPTION 

AND EXCHANGE! 

SANTE MATTSON 

New Jersey Agrtculturd Experiment Station 
Received for publkation May 23, 1930 

In the two preceding sections, parts III and IV of this series of papers, a 
number of isoelectric precipitates of al um inum and ferric “hydroxides,” 
"silicates,” “phosphates,” and “humates” have been discussed in relation to 
the conditions governing their formation and to their composition. In the 
present and in subsequent sections we shall deal with the subject of ion ad- 
sorption and exchange by these materials. The isoelectric precipitates, pre- 
pared on a large scale for this work, are admirably suited, because they form 
natural series in which the various factors and functions vary in an ascending 
or descending order. Only by the use of such scries will it be possible to carry 
out a systematic study of the phenomena of adsorption and to discover the 
underlying principles of such reactions. 

THE CATION EXOUNGE CAPACITY OF VARIOUS COMPLEXES 

We shall first study the capacity of the various precipitates for cation 
adsorption and exchange in neutral salt solutions. Later we shall study the 
adsorption of both anions and cations at various hydrogen-ion concentrations. 

The isoelectrically precipitated “silicates” and “phosphates” were freed 
from the niother liquid by filtration but without washing. They were then 
dried at CS^C. and powdered. The “humates” were kept moist in the form 
of a stock suspension after most of the supernatant liquids were drawn off. 
One gram samples of the “silicates” and “phosphates” (air-dry basis) and 
one-half gram samples of the “humates” (105®C. oven-dry basis) were then 
leached on the filter each with 500 cc. neutral 0.5 N Ba-acetate solution then 
with 10 cc. N BaCla and lastly washed free from Cl ions by hot water. The 
adsorbed Ba was then displaced with N NH4CI. 

But it was found that although about 400 cc. NH4CI was sufficient to dis- 
place the Ba from the “silicates” and “humates,” the Ba reaction persisted 
in the filtrate from the “phosphates” even after 1,200 cc. NH4CI solution had 
passed through. The following procedure was therefore adopted for the 
“phosphates:” Fresh samples were leached with 500 cc. neutral N NIL-ace- 

! Journal Series paper of the New Jersey Agricultural Experiment Station, department of 
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tate, then with 10 cc. NH4CI, and then washed with 90 per cent methyl alcohol 
[made neutral with a little ammonia as recommended by Kelly, Dore, and 
Brown (5)] until the disappearance of the Cl reaction. The adsorbed NH4 
ions were then displaced with BaCb and the ammonia determined by 
distillation. 

The results are given in tables 59, 60, and 61. The tables give the molec- 
ular ratios of acidoid (e.g. Si 02 , PaOg, and humus) to ampholytoid (e.g. 
sesquioxides) components as found in the various isoelectric systems. The 


TABLE 59 

Caiion adsorption and exchange by isoelectricaUy precipitated aluminum and ferric ** silicates*' 


6YSTXU 

NiniBfiK 

COMPOSITION 

1S0ELF.CTSXC 

pH 

LOSS ON 
IGNITION 

SiOf 

EXCHANGB- 
ABL£ Ba 
M.EQ./GM. 

EXCUANOX- 
ABLE Ba 
M.XQ. PER 

M. MOL SiOs 



Hi 

per cent 

per unt 

Hi 


9 

AI2O3 • (8102)2.82 


29.93 

42.61 

■H 

0.146 

11 

Al208« (Si02)l.M 


33.70 

32.48 



13 

AliOs • (Si02)i.o« 


34.74 

25.55 

■n 


10 

Fe 203 • (Si02)2.2< 

4 . 95 

23.60 

35.22 

0.98 


12 

Fe208* (Si 02 )i .29 

5.95 

21.41 

25.74 

0.61 


14 

(8102)0.79 

6,35 

20.65 

18.24 

0.44 



TABLE 60 


Cation adsorption and exihangc by isodcctrically precipitated aluminum and ferric ''phosphates'* 


SYSTEM 

NUMBER 

COMPOSITION 

ISOELECTRIC 

pH 

LOSS ON 
IGNITION 

P8O4 

EXCHANGE' 
ABLE NHi 
M EQ./GM. 

EXCHANGE' 
ABLE NH4 
M.KQ. PER 

M. MOL PO4 

5 

A1203* (PaOslo.sft? 

4.9 

per cent 

29.15 

per cent 

38.50 

1.844 

0.340 

7 

A1208* (P 2 O 6 ) 0.789 

5.6 

24.86 

38.71 

l.'17S 

. ' U 

8 

A1203* (PsOfi) 0.482 

6 45 

28.40 

28.68 

0.875 

0.216 

8b 

AhOs* (PsOft) 0.242 

6.65 

32.00 

17.10 

0.300 

0.125 

6 

Fe203*(P206) 0.914 

4,0 

25.20 

33.50 

2.370 

0.503 

6b 

Fe208*(p206) 0.488 

5.5 

21.01 

23.84 

1.165 

0.347 

6c 

Fe 203 ’ (P 2 O 3 ) 0.344 

6.05 

19.91 

14 25 

1 0.722 

0.359 


“humates’’ however, are, expressed in terms of grams of humus to millimol 
sesquioxide. 

Table 62 gives the exchange capacity of a series of natural soil colloids. The 
data are from a previous publication (9) in which the author established the 
relationship between the cation adsorption and the ratio of silica to 
sesquioxides. 

The general agreement in the cation adsorbing power of the three classes of 
materials is highly interesting and should contribute much to an understanding 
of the mechanism of such reactions. The relationship of the silica/sesquioxide 
' ratio to the cation adsorbing power, which the author has established for the 
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natural as well as for the synthetic “silicates’’ (11) applies in the same way to 
the “phosphates” and to the “humates.” It will be noted that as the molec- 
ular ratios of P2O6 to R2O3 decrease and as the ratios of grams of humus to 
millimols R2O8 decrease the cation adsorbing and exchange capacity likewise 
decreases, exactly as in the silicates. This relationship appears to be quite 
general and might therefore be embodied in a generalized statement as follows: 
The adsorption and exchange of cations y at pH 7 X)y by soil colloids y in the same 

TABLE 61 


Cation adsorption and exchange by isoelettrically precipitated aluminum and ferric ^^humates** 


SYS- 

TIvU 

NtlM- 

BFR 

GRAU HUMUS 

ISO- 

KLEC- 

TRIC 

PU 

PER 

CENT 

HUMirs 

(105“ 

DRY 

basis) 

EX- 

CHANOr.- 
ABLi: Ba 
M EQ / 
GM. 

h 

EXCHANGE- 
ABLE Ba 
ON BASTS 
OP FREE 
HUMUS 
M.EQ /gM. 

a 

EXCHANGF.- 
MILLT- 
EQUIV. 
HUMUS IN 
COMBINA- 
TION WITH 
A1 OR Fe 

fl — 6 

EXCTIANGL- 
EQUIVA- 
LENTS 
HUMUS IN 
COMBINA- 
TION WITH 

1 MOL 
RsOi 

PER CENT 
FREE 
humus 
b X 100 

a 

M. MOL R20a 

52 

AbOa* (Huni)i.aos 

4.5 

91.6 

1.827 

2.62 

0.79 

1.13 

70.0 

53 

Al2C)3*(Hum)o.6S8 

5.15 

81.7 

1.055 

2.33 

1.27 

0.83 

45.4 

54 

AbOa*(Hum)o. 2«6 

5.5 

68.9 

0 600 

1.97 

1.37 

0.53 

30.5 

56 

AbOa- (Hum) 0.140 

6.2 

53.9 

0.411 

1.54 

1.13 

0.29 

26.7 

58 

AbOa* (Hum) 0.070 

6.8 

36.8 

0.332 

1.05 

0.72 

0.14 

31.6 

55 

KcaOa* (Hum) 0.277 

4.55 

60.5 

1.330 

1.73 

0.40 

0 18 

77.0 

57 

I'^CaOd* (Hum) 0.141 

5.4 

43 8 

0.848 

1.25 

0.40 

0.13 

67.8 

59 

FC 2 O.V (Hum)o 070 

5.95 

27.9 

0.553 

0.80 

0.25 

0 06 

69.2 


Free humus 



2 857 






TABLE 62 


Cation adsorption and exchange by natural soil colloids 


COLLOID 

COMPOSITION 

Siaj/R=o* 

SiOa 

EXCH\NGEADLE 
Ba M KQ /GU. 
(108" DRV BASIS) 

EXCri \NGEADLE 
Ba M EQ Pi:R 
M. MOL SiO» 

Bentonite 

3.81 

per cent 

48.80 

1.102 

0.136 

Fallon 

3.82 

52.57 


0.109 

Sharkey 

3.18 


0.796 


Marshall 

2.82 

45.93 

0 671 

0.088 

Sassafras 

1.89 

41.14 

0.331 

0.049 

Norfolk 

1.63 

39.25 

0.207 


Aragon 

0.55 

15.86 

0.164 

0.062 


state of aggregation increase with the increasing ratio of the aetdoid to the ampholy- 
toid constituents of the colloid. 

It would seem that this general relationship can best be accounted for on the 
assumption that the acidoid and ampholytoid constituents exist in partial 
combination with one another in the form of compounds which are at the 
same time both acidic and basic, and that the uncombined acidoid valences 
constitute the seat of cation adsorption and exchange whereas the free basoid 
mol fraction is responsible for the adsorption of anions. We shall proceed on 
this assumption. 
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Since basoid colloids, that is, materials which would react with only anions 
at any pH, are unknown, the term ^'ampholytoid” is applied to the basic 
constituents. The sesquioxides are, as we have seen, ampholytoids and be- 
come strong acidoids in alkaline solutions. Lateritic soil colloids which show 
a very low cations exchange capacity at pH 7.0 adsorb, for this reason, great 
quantities of bases from alkaline solutions (10). The preceding statement 
applies therefore to pH values below that of the isoelectric point of the ses- 
quioxides.^ 

The cation adsorption per gram colloid is, however, not a linear function 
either of the acidoid/sesquioxide ratio, which we would also not expect, or of 
the percentage of acidoid in the complex. There are two conditions which 
would cause the adsorption to depart from a linear relationship to the per- 
centage of acidoid. In the first place the state of aggregation in the different 
materials might not be such as to leave the same proportions of the acidoid 
valences free and active. In the second place, and this is more certain, the 
acidoid and the ampholytoid constituents do not themselves enter into com- 
bination with one another to the same relative extent in the various complexes. 
Thus the number of free acidoid valences which are not in combination with 
the (by ordinary salt reactions) non-exchangeable ampholytoid, are not propor- 
tional to the total acidoid present, but vary with the acidoid/ampbolytoid 
ratios. 

This becomes quite evident when we calculate the exchangeable milliequiva- 
lent cations per millimol SiOa and PO 4 as in the last columns in tables 59, 60, 
and 62, and the percentage free humus as in the last column in table 61. It 
will be noted tliat in the colloids having a high ratio and formed at a low pH, 
the exchange per millimol SiOs and PO4 is the greatest. This means obviously 
that a larger molar fraction of the acidoid remains free to enter into exchange 
reactions in the case of the more highly silicated and phosphated complexes. 

The same holds for the humus complex, in which the percentage of free 
humus increases with an increase in the composition ratio as the isoelectric 
pH is decreased. The quantity of hmnus that has entered into combination 
with each mol sesquioxide is also greater the lower the isoelectric pH, just as 
in the case of the mineral complexes. We do not know the molecular weight 
of the humus complex, which obviously is an aggregation of several molecules, 
nor do we know its true equivalent weight as an acidic entity but wc know its 
exchange-equivalent in the free state, which is 2.857 milliequivalents per gram. 
Knowing the percentages of humus in the various complexes, we can calculate, 
from their exchange capacities, the exchange-~equivalents of humus which 
have combined with, or been inactivated by, the aluminum and iron. The 
results are shown in table 61. 

* The methods of Hbsink for determining the total saturation capacity T and the derived 

, 5:100 

value assume therefore absurd proportions when applied to lateritic soils. 
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The number of exchange-equivalents of humus in combination with each 
mol of sesquioxide, which vary between 1.13 and 0.06, are apparently smaller 
than the number of equivalents of SiOs and PO 4 so combined. But it is 
possible that that part of the hydrogen which dissociates too slightly to be dis- 
placed by the cations of the neutral salt solution has been displaced by alum- 
inum and iron. It is therefore impossible, by this method, to tell anything 
about the exact extent to which the humus occupies the valences of these ions. 
This applies to the silicated and phosphated complexes as well. We can not 
merely subtract the exchange-equivalents from the total equivalents of SiOs 
and PO4 and say that the remainder is in combination with A 1 and Fe. Both 
of these anions exist in combination with hydrogen so slightly dissociated as not 
to be displaced by the cations of the neutral salt solution. Then there is the 
possibility, which, in the case of the natural colloids, is a certainty, that some 
of the otherwise (in exchange reactions) active acidoid valences are locked up 
in the interior of the particles. Kelly, Dore, and Brown have shown that if 
the natural colloids be sufficiently ground, all of the mono- and divalent metal 
cations are exchangeable (5). 

The “non-exchangeable’’ cations present in natural colloids and which make 
up a general average of about two-thirds to three-fourths of the total mono- and 
divalent bases present ( 1 ) are therefore non-exchangeable because of their 
position within the crystal lattice or molecular aggregates. The synthetic 
^‘silicates” which have not had time to crystallize show for this reason a higher 
exchange-capacity. Their exchange capacity is even higher in the moist 
condition than when dried at 65®C., which was done with the intention of 
increasing their stability. 

Comparing the exchange capacities of the synthetic colloids, we note that 
the phosphated and humated complexes possess the highest capacities, es- 
pecially where the composition ratios are high. 

A very interesting and instructive observation is made by comparing the 
exchange capacities of the aluminum and ferric complexes. The ferric com- 
plexes show a much greater power to adsorb and exchange cations. Although 
the percentage of acidoid is lower in the ferric than in aluminum complexes 
of the same molecular ratios, because of the high molecular weight of Fe 208 , 
the exchange capacities per gram are uniformly higher in all ferric complexes. 
The differences are best seen by comparing the exchangeable cations per 
millimol SiOs and PO4 and the percentages of free humus. Only the last three 
aluminum ‘^humates” are to be compared with the three ferric “humates,” 
which have the same composition. 

THE MECHANISM OF ION EXCHANGE 

The cause of this difference in exchange capacities between the aluminum 
and ferric complexes is reflected in the exchange equivalents of humus in 
combination with one mol sesquioxide. For the last three aluminum 
‘‘humates” the figures are 0.53, 0.29, and 0.14 as compared to 0.18, 0.13, and 
0.06 for the ferric “humates.” This means that the ferric compounds are 
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more hydrolyzed, that is, the OH ions displace more energetically the valences 
of other anions in the ferric than in the aluminum compounds. Now since 
these other anions are di- or polyvalent, one or more of their valences will be 
more easily displaced than the remainder. They are, therefore, not always 
bodily displaced from the complex but suffer only a partial displacement. 
The free valence^ of these anions , partially linked up in stable combination con- 
stitute the seat of cation adsorption and exchange. 

The amphoteric colloids here studied represent salts of weak acids aud bases 
containing residual H and OH ions. Their H and OH ion product must be 
less than the ion product of water (Kw = / X The strength of the 

acid and basic residue depends upon the dissociation constant of each. Where 
the one is high the other must be low, Fe{OH)z is a weaker base than Al{OH)z- 
The former leaves therefore a stronger acid residue in the various amphoteric 
complexes. The ferric phosphates silicates and ^%umates*^ have therefore 
a higher cation exchange capacity because they contain more displaceable H ions 
and they have a lower isoelectric pH because they contain more active H ions 
than the corresponding aluminum complexes. 

All this can hardly be represented by any formula, but it will be useful to 
indicate the structure of the various complexes in order to account for the 
differences in the exchange capacities according to the conception here de- 
veloped. The amphoteric complexes will be represented in the acidoid- 
basoid form, that is, in the hydrogen-hydroxyl saturated condition. Either 
of these ions may, of course, be partially displaced by other cations and anions 
respectively. This happens to some extent even at the isoelectric point, as 
has been shown. At pH values above this point the progressive displacement 
of the H ion by metal cations increases rapidly. At pH values below the 
isoelectric point the OH ions are displaced by other anions. The following 
formulas, of course, represent nothing exact, but are merely meant to account 
for the general differences in the adsorbing power: 


OHv 

OH 

)>A1— SiO,- 

-H \ 

OH^ 

OH— Fe 

OHv 

/ 

)>A1 

OH 

OIF 

OHv 

OH ^SiO, 

^Fe— SiO,— H 

Vl 

OH^ 

go / 

OHv 

OH 

)>Fe— SiO,— H 

\ 

OH'^ 

OH— A1 

OH 

/ 

\ 

OH 

OH— Fc 


/ 


OH 

SiOs 

Cation adsorption low 

R.O, “ 

Anion adsorption high 
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OHv 

^Al— SiOs— H 
OlV 

OIK 

Ve— SiOs— H 

OlV 

OH— Al-^SiOa 

OHv 

Ve— SiOa— H 

OH^ 

OH— Al^SiOs 

OIIv 

>Al— SiOs— H 

OHv 

OH-^ 

^Fe— SiOa— H 
OH-^ 

Oflv 

^Fe— SiOa— H 
OH^ 




Cation and anion adsorption intermediate 


OH— Al^SiOa 

OHv 

ySiOs— H 

^Fe— SiOa— H 

OH— Al<( 

OH-^ 

^SiOa— H 

ySiOa— H 
OH— Fe<^ 

^SiOa— H 

/SiOa— H 

OH— Al<( 

^SiOa— H 

ySiOj— H 
OH— Fe<( 

^SiOs— II 

OH— Fev 

)>Si08— H 
OH— Fe^ 

OH— Ab: SiOa 


SiOj _ 

^ Cation adsorption high 

R.03 

i\nion adsorption low 

OHs 

Oil 

)> A 1 

\ 

oh/ \ 

OIK / 

>PO-H 

\\1 

OH 

0 C 

OHv yU 

)>Fe— PO/ 
OH^ ^H 

OH— Al 

OH 

/ 

\ 

OH 

OH— Fe 


/ 


OH 


P2O5 ^ , Cation adsorption low 
RjOs ** ® Anion adsorption high 
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OH— A1=P04— H 
OHv 

Vi 

r >«v-B 

OH> 


OHv /H 

)>Fe— PO 4 C 
OH^ ^H 

OHv 
)>Fe 

Si; >«^= 

aH> 


P205 

R20, 


Cation and anion adsorption intermediate. 


OH— A1=P04— H 

0 0 

V 

1 

1 


OH— A1=P04— H 


OHv yH 

"^H 

)>A1— P04< 

OH— Fe==P 04 “ 

~H 

OH^ Nl 

OHv 

>Fe— P 04 < 

/H 


OH^ 

'^H 


PaOi ^ j Cation adsorption high 
R2O1 Anion adsorption low 

These formulas represent molecular ratios which can be expressed in whole 
numbers. Any intermediate composition is possible if a sufficient number 
of molecules be considered. 

The author has shown (10) that while the adsorption of the cations increases 
with the silica sesquioxide ratio in the natural colloids, the anion adsorption 
increases in the reverse order. The preceding formulas account for this 
behavior because the acidity and the basicity of the complexes, as here pre- 
sented, vary in the inverse order. It will be seen that, in the assumed struc- 
ture, the ferric complexes are at the same time more acidic and more basic 
than the corresponding aluminum complexes. This is all in accordance with 
their behavior. 

Some soU investigators (6) would ascribe soil acidity and cation exchange 
to the existence of an alumino-silidc acid of a definite composition. The 
author cannot, on experimental as well as on theoretical grounds, share in this 
viewpoint. We have here before us three different series of colloidal aluminum 
and ferric compounds, all very different in the nature of their acid radicles 
and which show the same general behavior, chemically as well as electro- 
kinetically, as the natural soQ colloids. Yet it is doubtful wheth^ anyone 
would ascribe these properties to the formation of any particular aiumino-or 
ferric-silicic, phosphoric, or humic acids. It seems quite obvious that vie are 
dealing with colloidal complexes represented by a continuous gradation in com- 
position as wdl as in properties. 

It is true that soil colloids differ from the synthetic products by being more 
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resistant to the action of acids and alkalies. But this does not prove, as has 
been maintained,^ that the former are different compounds from the latter. 
Single substances often show very great differences in resistance to the action 
of solvents. Ageing, which brings about a change in the state of aggregation, 
may alone be responsible. Soil colloids are at least to some extent crystalline, 
as has lately been brought out by two interesting investigations by Hendricks 
and Fry (4) and by Kelly, Core, and Brown (5). The crystalline materials 
appear to differ, as does the composition of the colloids, with the climatic 
conditions and the degree of weathering. The composition of the crystal is 
evidently affected by the composition of the complex from which it is formed. 
The analysis of “purified* ** materials has failed to show a stoichiometrically 
definite composition. This is not surprising, for although a constant ratio 
probably obtains within any one crystal, such will not be the case in the 
adsorption layer, which is very large in highly dispersed materials. On the 
surface of a silicate ciy^stal a large number of the silicate ions will be displaced 
by phosphate, humate, hydroxyl, and a host of other anions. 

A complete displacement (as distinguished from a fractional displacement) 
of silicate ions by OH ions and the subsequent loss of the former from the soil 
must lead to a decrease in the cation adsorption and exchange power, because 
the adsorption layer will then largely consist of free sesquioxides which do not 
combine with cations at a pH of 7.0. This condition is exemplified by the 
highly weathered tropical or subtropical soil colloids. These have a low 
silica/sesquioxide ratio and a low exchange capacity and are yellow or red 
as a result of free ferric oxide. 

The sesquioxide layer on the surface of the particles formed by this dis- 
placement may be removed by peptisation with a hot, saturated AICI3 solution. 
An ash-gray silicate residue is then obtained in which the silica/sesquioxide 
ratio is higher and which possesses a higher cation adsorption and exchange 
capacity. Six soil colloids, all with a silica/sesquioxide ratio below 2.0 and of 
a rusty red color, except the Norfolk which is yellow, were thus treated. 
Following the treatment the AICI3 was removed by washing with 0.05 N HCl. 
The results are shown in table 6v^, 

Whether the treatment lasted i days or 60 days made little difference. In 
all cases tlie composition of the ash-gray residues is not very far removed from 
a silica/sesquioxide ratio of 2.0, which is that of kaolinite and halloysite. 
X-ray analysis has also indicated, in highly weathered colloids, a structure 
similar to that of halloysite (4, 5). 

The cation exchange capacity of the ash-gray residue was, in the case of the 
Norfolk colloid, 0.425 as compared to 0.207 milliequivalents per gram in the 
original material, an increase of 100 per cent. The power to adsorb anions 
such as the Cl and SO4 ions from acid solution was, on the contrary, com- 

* By Dr. £. Truog at the 1928 meeting of the American Society of Agronomy. Washing- 

ton, D. C. 
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pletely destroyed by the treatment (10). From this it is quite obvious that 
the cation adsorption is caused by a combination with the acidic constituent 
while the anion adsorption is brought about by a combination with the basic 
or ampholytoid constituent. 

A displacement of the silicate ion by the phosphate might be expected to 
increase the catidn exchange capacity since the phosphated complex possesses 
this capacity to a higher degree. A displacement of a di- or polyvalent anion 
by a monovalent anion should theoretically reduce the cation exchange 
capacity, since a monovalent anion in combination with the ampholytoid 
would have no free primary valence available for the exchange. Residual 
valences may, however, be active. Experiments are in progress to test this. 

A fractional displacement of the silicate ion without its complete detach- 
ment from the complex and removal from the colloid should increase the 
cation exchange capacity because this would result in a greater number of free 
acidoid valences. The “build-up” in the exchange capacity of orthoclase 
and of artificial and natural colloids in alkaline solutions as reported by 


TABLE 63 

The sUica! sesquioxide ratio of soil colloids before and after treatment with a hot^ saturated AlCh 

solution 


nSATMINT 


Aragon 

None 

0.55 

AlCli, 3 da3rs 

2.08 

AlCU, 60 days 

2.17 


SlLIC\/8SSQUIOXlDE RATIOS OF SOIL COLLOIDS 


Cecil 

Norfolk 

Orange- 

burg 

Che*Jtcr 

Sassafras 

1.34 

1.63 

1.71 

1.79 

1.89 

1.81 

2.19 

1.98 


2.13 

1.92 


2.08 

bm 

2.33 


Breazeale and Magistad (2), Burgess (3), and Magistad (8) may be thus ex- 
plained. The OH ions partially displace the silicate ions from their union 
with alumimun and iron, giving rise to a greater number of free acidoid val- 
ences. Treating the Sassafras colloid for one hour on the steam bath with 
N NaOH and then titrating back to neutrality with HCl, increased the ex- 
change capacity of the colloid about v300 per cent. The sample so treated 
was much more soluble in 0.05 N HCl than was the untreated colloid, pointing 
to an unlocking of the silicate bonds according to the following scheme; 

OH— Al=SiOi + NaOH 
OH\ 

^Al— SiOi— Na 
OW 

If the cation exchange capacity depends upon the number of free silicate 
or other acidoid valences, then the entirely free silica gel should possess a 
higher cation exchange capacity than that of any silicate, just as the free 
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humus possesses a higher exchange capacity than any of the humates. But 
silica gel, as ordinarily prepared, possesses a very moderate cation exchange 
capacity. For dried silica gel an exchange capacity of only 0.236 milliequiva- 
lent per gram was found. 

It was believed that a structure fine enough to prevent the free movement 

the common, hydrated cations into the interior of the gel may be respon- 
sible for this phenomenon. To study this possibility 1 gm. of silica was pre- 
cipitated from Na 2 Si 03 by neutralization with HCl in the presence of 10 gms. 
of cane sugar in a small volume of water. After being dried on the steam bath 
the gel was washed and treated in the usual manner with Ba-acetate. It was 
thought that if the gel were dehydrated in the presence of the large sugar 
molecules a coarser structure should result. This was also indicated by the 
great volume of this gel as compared to the sample dried in the absence of 
sugar. The exchange capacity was also increased by the treatment but only 
to 0.610 milliequivalcnt per gram, or about 150 per cent. A very large part 
of the silica was therefore inactive. How much of this inactive part exists 
in the anhydride form and how large a fraction of its displaceable hydrogen 
remains undisplaced at a pH of 7.0 we do not know. But it is quite obvious 
that the closeness in structure of nondispersing materials like silica gel and the 
permutites affects the penetration of ions. Wiegner and Muller (14) found 
only a very slight adsorption of methylene blue by the permutites whereas in 
the case of the high-disperse soil colloids the adsorption of this dye is con- 
siderable and proportional to their cation exchange capacity, as has been shown 
by the author (9). A lump of silica gel becomes dyed only on its surface when 
placed in a solution of methylene blue. 

We have seen that the removal of sesquioxides by petisation wdth an AlCls 
solution results in an increase in the cation exchange capacity and also that 
this capacity is increased by treatment with alkalies, which increase is believed 
to be due to a liberation of an additional number of silicate valences through a 
displacement from their combination with aluminum and iron by the OH 
ions. We shall now see that the opposite process — the introduction of addi- 
tional quantities of aluminum and iron into the exchange complex — results 
in a lowering of the cation exchange capacity. This would, of course, follow 
from the exchange capacities of the various complexes studied but we shall 
use a natural colloid in order to show that what is true for the one holds for the 
other group of materials. 

In the previous section 1-gm. bentonite samples were isoelectrically floccu- 
lated with 4.0 millimols AlCU and FeCls respectively. This means that 0.2044 
gm. AI 2 O 3 and 0.320 gm. FcjjOs entered each gram of bentonite. The iso- 
electric pH values were 6.75 and 6.5 respectively. 

The cation exchange capacities in milliequivalents per gram bentonite were 
as follows: 


Original Bentonite — Bentonite — 

betoniie AI1O9 complex FetO complex 

1.002 0.429 0.970 
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The aluminum ion has combined with and made inactive 57 per cent of the 
active silicate valences in the bentonite whereas the ferric ion has only in- 
activated about 3 per cent. The cation exchange capacity is therefore higher 
in the ferric complex than in the aluminum complex, just as we found it to 
be in the silicated, phosphated, and humated compounds of aluminum and 
iron. In the aforementioned complexes the bentonite plays the part of the 
acid anions of the previous experiments. It is also in reality a complex silicate 
ion. The exchangeable cations have been partly displaced by the A1 and Fe 
ions which are not re-displaceable by the neutral salt treatment. The 
aluminum ions are more active in this respect than the ferric ions because the 
OH ions displace the silicate ions from their ferric combination more ener- 
getically, thus leaving a greater number of free silicate valences in the ferric 
complex. 

By an alkaline solution it would be possible to displace a large part of the 
trivalent cations from their silicate combination and thus restore the exchange 
capacity of the bentonite. Upon acidifying, a recombination will, however, 
take place, the extent of which will depend upon the pH. A shifting in bonds 
must take place with each change in the H-ion concentration. The reaction 
between colloidal ionogens is, however, slow, because of their non-diffusibility. 
Equilibrium proceeds slowly, therefore, in the wake of any change in the ionic 
environment. Thus the cation exchange capacity will be different depending 
upon whether we start the neutral salt treatment on acid or alkaline materials. 
On the acid side the number of bonds between acidoid and ampholytoid is 
greater than on the alkaline side. At the neutral point the number of such 
bonds is intermediate, but since equilibrium is slowly attained we get a higher 
exchange capacity at a pH of 7.0 when we approach this point from the alkaline 
than when we approach it from the acid side. 

The influence of a change in Ihe pH value upon the shifting of bonds may 
be illustrated in the case of a ferric “phosphate” complex having the composi- 
tion shown at top of page 323. 

A similar displacement takes place in the “silicates” and “humates.” In 
the ferric “phosphate” complex this change can be observed by the change in 
color. 

Tnis conception of the colloidal complex explains a number of phenomena. 
It explains the great adsorbing power for bases from alkaline solutions and it 
explains the fact observed by the author (11) that the OH ion enters the com- 
plex together with the cation. From what has been said it is clear that the 
exchange capacity of an amphoteric colloidal complex does not represent a 
constant quantity even at the same pH. The exchange capacity depends 
upon the manner in which the valences are linked within the complex. Any 
treatment, physical or chemical, may bring about a shifting in the bonds 
The soil colloidal complex is a dynamic thing and is never the same under 
any two sets of conditions.. 
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OH — Fe=P 04 — H Exchange 
OH — ^Fe=P 04 — Na capacity 
OH — ^Fe=P 04 — H intermediate 





/ \ 

OH— Fc=^P04— H 

onv 

/Na 

Fe=^P04 

Ve— P 04 < 

'^Na 

OH^ 

a — Fe=-P04— H 


OHv 

)>Fe— P 04 < 
OH^ 

/IMa 

Exchange capacity low 

'^Na 


OH\ 

/Na 


yFe — P 04 ^ 

or/ 

''Na 


Exchange capacity high 


THE RELATION BETWEEN THE ISOELECTRIC POINT AND ION EXCHANGE 

In the foregoing we have studied the cation exchange at a pH of 7.0. We 
have seen that the lower the isoelectric pH of the colloid, that is, the farther 
removed this pH is from pH 7.0, the greater the cation exchange capacity. 
Aluminum ^‘hydroxide’^ (precipitated from the chloride) is isoelectric at or 
about pH 8.0. It is electropositive at pH 7.0 and showed no trace of cation 
exchange at this pH. How^ is the ion exchange related to the isoelectric 
point? What happens to the ion exchange, anion as well as cation, as we 
approach and pass this point from the negative to the positive side or vice 
versa? Since quantitative experiments dealing with these questions will be 
presented and discussed in the succeeding section we shall confine ourselves 
in the remaining space to a few qualitative experiments. 

A number of aliminum “silicate” suspensions were prepared by mixing 100 
cc. containing 1.0 millimol AICI3 with 100 cc. containing 1.5 millimol Na2Si08. 
The pH was adjusted to cover a wide range by adding NaOH to the silicate 
or HCl to the chloride before the mixing of these solutions. The degree of 
flocculation was noted and cataphoresis measurements were made as shown 
in table 64. To 20-cc. portions of the various suspensions were then added 
5 cc. water in one of the series and 5 cc. normal salt solutions in other series, 
and the pH determined colorimetrically in each as shown. 

We note that all the salts give rise to an exchange acidity in the strongly 
negative suspensions whereas in the strongly-positive suspensions an exchange 
alkalinity is developed. The power of the various cations to displace hydrogen 
is, as far as the pH values are accurate, the following: 
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Li < Na < K » Mg < Ca < Ba 

The power of the anions to displace the OH ions is, for the two ions used: 

Cl < SO4 

How far the two kinds of displacements overlap can be learned only by a 
quantitative determination of all the ions in the solution at equilibrium. This 
work will be reported later. It will be noted that the strongly adsorbed SO4 
ions develop an exchange alkalinity at a pH at which the original suspension 
is still highly negative. It is obvious that the charge of the colloid was affected 
and even that the isoelectric point was displaced by the various salts. In 
the presence of so much electrolyte the cataphoresis cannot be determined 


. TABLE 64 

The exchange reaction at various pH values in a negatively and positively charged aluminum 
^^silicate*^ and the lytropic effect of the ions 
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the two ions. But the effect is such that an ion which displaces the point of 
exchange neutrality in one direction must displace the point of electric neu- 
trality in the opposite direction. Thus a slightly dissociating, and therefore 
strongly displacing, anion like the SO4 ion, will carry the point of exchange 
neutrality to a higher pH but will displace the isoelectric point to a lower pH 
because of a suppressed anionic dissociation. A slightly dissociating, and 
therefore strongly displacing, cation win have the opposite effect. 

The exchange acidity formed at high pH values may be represented thus: 


OH 

OH 

OH 


^Al— SiO,— H 


+ NaCl ‘ 


OHv 

OH^ 


Al—SiOa— Na + HCl 


and the exchange alkalinity which is formed at low pH values thus: 
OHv 

^Al— SiOa— H + NaCl 
OH^ 


OHv 

^Al— SiOj— H + NaOH 
CK 


We have now seen that an amphoteric colloid like aluminum “silicate^* 
manifests an exchange acidity at higher pH values whereas at lower pH values 
the neutral salt reaction passes through a point of exchange neutrality and 
then develops into an exchange alkalinity, that is, cation exchange predomi- 
nates at high pH values whereas anion exchange predominates at low pH 
values. An important question now is this: does this behavior, like so many 
of the others that we have studied, apply to the natural soil colloids as well 
as to the synthetic materials? Theoretically the amphoteric soil colloids, which 
possess a low silica/sesquioxide ratio and have an isoelectric point within the 
usual range of soil reaction, should show an exchange alkalinity at low pH 
values. There are a number of such colloids especially in the lateritic typ)e 
of soils. One such soil, the Nipe clay from Oriente Cuba^ has been studied in 
respect to this behavior. The electrodialyzed soil had a pH of 5.95 in water 
and a pH of 6.5 in N Na 2 S 04 . When the same sample was treated with 0.1 
milliequivalent HCl per gram soil the pH values were 3.6 in water and 5.1 in 
0.5 N Na 2 S 04 . The exchange alkalinity was therefore considerable es- 
pecially in the more acid condition. 

* Analyzed by Glenn Edgington and kindly supplied the author by W. O. Robinson, both 
of the Bureau of Chemistry and Soils. This soil contained 10.19 per cent SiOs, 15.84 per 
cent AltOi, and 62.51 per cent FeaOt. 
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The significance of this behavior in connection with certain methods of 
determining soil acidity, '^avidity” of the soil acids and lime requirements, 
will readily be recognized. An acid soil having a high sesquioxide content 
will either show an apparent exchange acidity which is smaller than the real 
or it will show a negative exchange acidity when in equilibrium with a salt 
solution, as a result of a displacement of OH ions by the anions of the salt. 
Upon prolonged leaching with a neutral or alkaline solution the adsorbed 
anions will, however, be largely or completely redisplaced by the firmly as- 
sociating OH ions. 

Soils in which the colloidal complex has a low silica/sesquioxide ratio and 
low cation exchange capacity have a higher pH when completely unsaturated 
with bases than do soils in which the aforementioned ratio and capacity are 
high. At a given pH, say about S.O, the degree of base saturation is much 
lower in the former than in the latter type of soils. There is, therefore, no 
correlation between the pH and the degree of base saturation, as has recently 
been conclusively shown by Pierre and Scarseth (13). All this and many other 
phenomena discussed in the literature become comprehensible in the light of 
the behavior of the variously composed complexes. A complex having a low 
silica/sesquioxide ratio, and a low cation exchange capacity at a pH of 7.0 
is not, at this point, far removed from its isoelectric point. At or slightly 
below the isoelectric point the cation exchange capacity must approach the 
vanishing point. This explains the low exchange capacity of such colloids 
at a pH of 7.0, it explains the rapid decrease in the degree of base saturation 
with a decrease in pH, and it explains the high pH at complete unsaturation, 
all as compared to colloids having a high silica-sesquioxide ratio and which 
have no isoelectric point, i.e., are not amphoteric, or have this point at a very 
much lower pH. 

It will be recalled that the higher the acidoid/ampholytoid ratio the greater 
is the free acidoid mol fraction as measured by the number of milliequivalents 
exchangeable cations per millimol SiOa and PO4. This evidently means more 
active acidoid hydrogen in the high ratio complexes because the least active 
hydrogen will be the last to be displaced by the ampholytoid valences. The 
unsaturated, highest ratio complexes react therefore most acid. In the fore- 
going the silicate ion has been represented as divalent, but it may be tetra- 
valent like H4Si308 or even higher associations. We may then account for all 
degrees of active hydrogen depending upon the (average) number of ions dis- 
placed by aliuninum and iron. 

THE nONNAN EQUILIBRIUM IN AN AMPHOTERIC COLLOID 

In the electronegative condition the colloid particles are surrounded by a 
swarm or atmosphere of cations which have dissociated from the acidoid group 
of the colloid. These ions are hydrogen and metal cations, the relative propor- 
tion of each depending upop the degree of base saturation, i.e., upon the pH. 
In the electropositive condition the ion atmosphere consists of anions dis- 
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sociated from the basoid group of the colloid. If the colloid has been acidified 
with HCl then the C] anions will predominate. 

Now this difference in the composition of the micellar atmosphere will 
express itself in the unequal distribution of an ion, the H ion for example, 
within a suspension as compared to a clear filtrate or to an outside solution 
in equilibrium with the suspension. This distribution will be according to the 
Donnan equilibrium and will be such that the negative suspension, having H 
ions in the micellar atmosphere, will have a lower pH than the outside solution 
whereas the positive suspension, having Cl ions in the micellar atmosphere, 
will have a higher pH than the outside solution in equilibrium or, w^hat is the 
same thing, the filtrate from the suspension. 

The reasons for this difference have been explained in part I (12) of this 
series but will be here briefly recapitulated: In the micellar solution of the 
electronegative colloid there is a certain concentration, z, of H ions belonging 
to the micelle and which, for electrostatic reasons, are unable to diffuse into 
the external solution. Then there is a certain concentration, y, of free H ions 
belonging to the free acid, HCl in this case, and of course, an equal concentra- 
tion, y, of free Cl ions. In the intermicellar solution we have only free H and 
Cl ions, the concentration of each being :r. 

Now the Donnan equation demands that the product of the concentration 
of any pair of diffusible ions must be the same in any part of the system at 
equilibrium. Hence 

(jjjj outside) outside) = 

(>'^j inside) (>jj Sjj inside) 


or 


Since 


~ (y 4- z) 


O’ 4 s) > J! 
inside > Cjj outside 


or 


pll inside < pH outside 

In the positive suspension where the micellar atmosphere consists of anions, 
e.g., Cl ions, there will be a concentration, z, of Cl ions belonging to the micelle, 
a concentration, y, of free Cl ions belonging to the free acid and an equal con- 
centration, y, of free H ions. In the outside solution there will be a concen- 
tration, of free Cl ions and free H ions. Hence 

(afjj outside) outside) = 

(vjj inside) 4 Sq\ inside) 
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Since 


X > y 

outside > Cg inside 


or 


pH outside < pH inside 

In the latter case it is not necessary that the micellar anion be OH ions to 
account for the higher pH within the suspension. The excess of the acid anion 
in the micellar solution will force an excess of the free acid out into the ex- 
ternal solution. Since the sesquioxides become negative at a pH where all 
but a small fraction of the acid anions, i.e., Cl, have been displaced by OH 
ions, it seems evident that the OH ions are, at most, slightly dissociated. 

TABLE 65 


The pH inside the suspension and in the solution outside a colloidium membrane at equilibrium^ of 
aluminum ** silicate'* in the negaiive and positive condition 


sus> 

PEN- 

SION 

NUM- 

BER 

M.EQ. XN 25 CC. 
SUSPENSION 

PLOCCD- 

LATION 

m/sec. 

1 VOLT/CK. 

pH 

OUTSIDE 

pH 

INSIDE 

pH 

OUTSIDE 

BONUS 

pH 

INSIDE 

EXCHANGE BEACTtOM 

NaOH 

HCl 

In 0.5 N BaCb 

In 0.5 N NbiSOb 

1 



++++ 

-1.32 


7.11 

0.59 

Acid 

Acid 

2 



++++ 

-0.76 

7.13 

6.82 

0.31 

Acid 

Acid 

3 

RES 


+4-++ 


6.78 

6.51 

0.27 

Acid 

Acid 

4 

0,01 


4-f++ 



6.31 

0.25 

Acid 

Aik. (slight) 

5 



+++ 

-4-1.25 

6.46 

6.20 

0.26 

Acid 

Alkaline 

6 



+ 


5.90 

5.95 

-0.05 

Unaffected 

Alkaline 

7 


0.02 

+ 

4*2.42 


5.70 

-0.80 

Alkaline 

Alkaline 

8 




4-2.64 

4.48 

5.61 

-1.13 

Alkaline 

Alkaline 


To test this theory an aluminum silicate was prepared as in system 11 
(see part III) by mixing 50 millimols Aids with 67.125 millimols Na 2 Si 08 
but with only one-tenth the dilution. The supernatant liquid was drawn off 
and the floe was dialyzed for 30 days to remove the free electrolytes which 
otherwise would suppress the potential difference and the Donnan distribution. 
Then 25-cc. portions of the suspension containing 0,0675 gm. AI 2 O 3 and 0.079 

gm. Si 02 * 1.99^ were adjusted to variouspHvalues by adding NaOH 

or HCl and were then placed in collodion bags made in large test tubes. 
These were placed in still larger test tubes, to which water was added (about 
20 cc.) to the same level as inside the bags, and allowed to stand 2 weeks. 
The cataphoresis and the pH measurements were then made, the latter by the 
quinhydrone electrode. The results are given in table 65. 

The negative suspension is more acid than the outside solution but for some 
reason, difficult to explain, this higher acidity of the suspension extends over 
on the cataphoretically, positive side. The cataphoretic isoelectric point is 
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at pH 6.51 and is, as it should be, well within the zone of flocculation. The 
isoelectric point with respect to the Donnan potential is at a pH about 6.0 
since at a pH of 5.95 there is a slightly higher H-ion concentration in the out- 
side solution than in the suspension. Below this pH the suspension is con- 
siderably less acid than the outside solution. 

This discrepancy in the position of the two isoelectric points has also been 
observed by Loeb (7) in the proteins: The two points are apparently governed 
either by somewhat different factors or by the same factors but to a different 
degree. Why do the particles at a pH of 6.51 show no movement in the electric 
field and why do they move to the cathode at pH values of 6.31 and 6.20? 
In all three cases they possess a cation atmosphere. The particles should 
therefore be negatively charged and migrate to Uie anode as they do at higher 
pH values. If the particles are positive as their migration indicates, then 
how should we account for the cation atmosphere? Is there perhaps, a 
second outer atmosphere of Cl ions which for some reason, possibly because 
of a greater hydration, diffuse farther out into the dispersion medium? Then 
the cation atmosphere is merely a residual inner atmosphere, which neverthe- 
less affects the quinhydrone electrode and also the indicators, because the pH 
values were checked with the indicator method. 

Wiegner and Palmann (15), who have made an extensive and very interest- 
ing study of the effect of various colloids in respect to their acid or alkaline 
dispersion effect, would dispose of the aforementioned difficulty on the basis 
of their theory that the inner, as well as the outer, ionic layer consists of diffus- 
ible ions. The ions in either layer affect the electrode, so that if the colloid is 
positive, and has therefore an outer anion layer, its dispersion effect will 
nevertheless be acid as long as the H ions in the inner layer predominate over 
the OH ions in the outer layer. They do not consider the Donnan equilibrium. 
To account for the acid or alkaline dispersion effects, they assume the actual 
preponderance of H or OH ions in the two layers. 

Although the author does not deny the adsorption of both of a pair of 
ions, originally extraneous to the colloid and the formation of a double layer 
of the ions thus adsorbed, he has here preferred to respresent the colloids as 
ionogens, dissociating into diffusible and non-diffusible ions since the evidences 
point overwhelmingly in that direction. This is done without ignoring the 
possibility of the existence of diffusible ions in the inner as well as in the outer 
layer. It is, however, difficult to understand why aluminum hydroxide 
should at a high pH adsorb Cl ions from HCl and be negative and at a low pH 
adsorb H ions from HCI and become thereby positive, when it can be shown 
that a combination with Cl ions actually renders the colloid positive. 

The observation by Wiegner and Palmann (15, table 20) tiiat the displace- 
ment of H ions by NaCl led to a weaker dispersion acidity may be explained 
on the basis of the suppressing effect of the high salt concentration according 
to the Donnan equilibrium. It can, of course, be shown that with nothing but 
Na ions in the micellar atmosphere, we shall, nevertheless, find a higher H-ion 
concentration inside than outside the micellar solution, because the high Na-ion 
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concentration within will force an excess of NaOH to the outside. But the 
Ca-permutite of Wiegner and Palmann, which was electronegative and of an 
alkaline reaction, produced an alkaline dispersion effect. We are therefore 
forced to conclude with them, that the micelles contain OH ions in the inner 
layer, fixed perhaps by “Gitterkrafte, Nebenvalenzattraktion, etc.” but free to 
affect the hydrogen-ion determination. A further study in this direction wiU 
undoubtedly give us a better insight into the nature of the electrokinetic 
phenomena which are among the most difficult of interpretation. 

SUMMARY 

The cation exchange capacity of isoelectrically precipitated “silicates,” 
“phosphates,” and “humates” of aluminum and iron of varying composition 
ratios has been studied and compared with that of natural soil colloids of 
varying silica/sesquioxide ratios. 

The exchange capacities, at pH 7.0, increase with the proportion of acidoid 
(Si02, P2O5, and humus) to ampholytoid (sesquioxides) in all the materials 
studied. The ferric complexes show a higher cation exchange capacity than 
the corresponding aluminum combinations. 

The differences are explained on the assumption that the acidoid and 
ampholytoid constituents exist in partial combination with one another, 
resulting in compounds which are at the same time both acidic and basic. 
The free acidoid valences, uncombined with the ampholytoid valences con- 
stitute the seat of cation exchange. 

The exchange capacity is not a constant quantity but can be altered by a 
shifting of the bonds. 

The electronegative complexes give an exchange acidity with neutral salts 
whereas the electropositive complexes give an exchange alkalinity. The 
point of exchange neutrality does not, however, coincide with the isoelectric 
point but varies with the nature of the ions of the salt. 

The Donnan equilibrium shows the micellar atmosphere to consist of cations 
in the electronegative condition and of anions in the electropositive condition 
but the cataphoretic and the Donnan isoelectric points do not appear at 
exactly the same pH. 
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FELIX LOHXIS 



jfeUx 

1874-1930 

Doctor Felix L5hnis, world famous agricultural bacteriologist, died in Leip- 
zig, Germany, on December 8, 1930. Doctor Lohnis was born in Dresden, 
Germany, on August 3, 1874, and obtained his academic education in the Uni- 
versities of Jena, Halle, and Leipzig, obtaining his PhD. from the latter in 1901. 
After teaching for two years in agricultural schools, he returned to Leipzig and 
in 1905 was made head of agricultural bacteriology, which position he held un- 
til 1914, In this capacity, he was responsible for instruction and research, 
resulting in the publication of numerous papers on milk and soil bacteriology. 
A manual of methods, Landwirtschaftlich-bakteriologisches Praktikum, made its 
appearance during this period and was subsequently translated into English, 
French, Japanese, Polish, and Russian. In 1910 he published the well-known 
Handhuch der landwirtschaftlichen Bakieriologie^ the only comprehensive review 
of the literature in existence at that time. These and two other books, Einfiih- 
rung in die Bakieriologie and Vorlesungen Uber landwirtschaftliche Bakteriologie, 
gained an international reputation for him. 

In 1914, a few months before the outbreak of the World War, Dr. Lohnis ac- 
cepted aji appointment in the Office of Soil Bacteriology, U. S. Department of 
Agriculture, becoming the chief of that office in 1923. Soon after taking up his 
research in America, he investigated the morphologic changes in cultures of 
Azotobacter and developed the theory of a definite life cycle, later extending 
this work to include other bacteria. A review of the literature up to 1918, pub- 
lished as a memoir of the National Academy of Sciences, was done in character- 
istic Lohnis fashion. Whether one agrees with his views on life cycles or not, 
it is certain that his work on this subject has exerted a profound influence upon 
the science of bacteriology, the development of which only the future can tell. 
Besides the life cycle work, he carried on field and greenhouse experiments 
for 10 years on the effect of legumes on succeeding crops, the nitrogen availabil- 
ity of green manures, and allied subjects. During this period, a Textbook of 
Agricultural Bacteriology (with E. B. Fred) made its appearance. 

In 1925, Dr. Lohnis resigned as chief of the Office of Soil Bacteriology, the 
position he had held for two years, and returned to the University of Leipzig as 
professor and director of the Institute of Agricultural Bacteriology and Soil 
Science. Students again flocked to his laboratory and in a relatively short 
time a great amount of research work was undertaken. In addition to the 
work incident to his teaching and lectures before agricultural groups, he issued 
a second edition of his Vorlesungen in 1926, and in 1929 became editor of the 
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Centralblatt fUr Bakteriologie Abt. II. The second edition of the voluminous 
Handlmck was in the course of preparation at the time of his death. 

Relatively few Americans knew Lohnis personally. His partial deafness 
made it unpleasant for him to attend meetings, which he rarely did. His great 
knowledge of the literature and his ability to recall it made him at once a help- 
ful friend or a severe critic. He was very intolerant of work poorly done, of 
old facts published as new, or of over-emphasis as to the importance of the 
work, and he did not hesitate to express himself and in very choice language. 
Consequently many who came in contact with him only through publication or 
correspondence knew only that side of his nature; but those who had the priv- 
ilege of working with him, will long remember a very different personality, jo- 
vial, enthusiastic, and always ready to help any investigator who wished to 
work and showed that he was sincere. Untiring and thorough in his work, 
whether searching through the literature or looking through a microscope, he 
was an inspiration to those under his direction; the pity of it is that more 
persons could not have profited by such an association. His death came as a 
distinct blow to his former associates, and will mean a great loss to the science 
of agricultural bacteriology throughout the world. 

Nathan R. Smith. 
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The beneficial effect of animal manure when applied to farm crops has been 
recognized from very early times. More recent information leads us to believe 
that this beneficial effect is due, in the main, to the three elements, phosphorus, 
potassium, and nitrogen, and more especially to the nitrogen, which the manure 
contains. The value of farm manure has been placed at figures ranging from 
$2 to S5 a ton, depending on the kind and quality of the manure and the type 
of farming practice. At these figures, the average dairy cow will produce 
during the year manure valued at from S26 to $65. Farm manure perhaps has 
its greatest economic value in the more intensive agricultural districts and to a 
lesser extent in the districts where dairy farming or general livestock farming 
is practiced. 

During the year, the average dairy cow produces about 13 tons of manure 
containing 130 pounds of nitrogen, of which about 70 pounds are in the liquid 
portion. Most of the present investigations indicate that the nitrogen in the 
liquid manure has the same value as the nitrogen in sulfate of ammonia. At 
this rate the nitrogen in the liquid manure alone from one cow for one year has 
a value of about $15. There is grave doubt whether more than half of this 
nitrogen is utilized on the American dairy farm; in fact there are data to indi- 
cate that as much as half of it may be lost. If this is true, the dairy farmers of 
the state of Wisconsin alone are losing annually over $20,000,000 worth of 
readily available nitrogen. 

Because of the value of the nitrogen in farm manure and the ease with which 
it is lost, much work has been done on its composition, conservation, and utili- 
zation, especially by European workers. Some of this work will be reviewed 
briefly in relation to the work reported in this paper. 

Composition, The nitrogen content of cattle manure varies with several 
factors, including the kind of animal, kind of feed, season of the year, amount 
and kind of bedding, and methods of handling the manure. The excrement 
from cattle is made up of about 70 per cent solid and 30 per cent liquid by 
weight. The nitrogen content of the dung will vary from 0.20 to 0.45 per cent 
with an average between 0.35 and 0.40 per cent and the urine from 0.80 or less 
to over 1.5 per cent. If the complete excrement from the cow is mixed with 

* From the department of soils. Published with the approval of the director. 
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enough straw as bedding to absorb the liquid, a complete manure is obtained 
which contains from 0.50 to 0.55 per cent of nitrogen, half of which is from the 
liquid manure. If this manure is allowed to stand for a few days the nitrogen 
from the liquid manure changes to ammonia so that the result is a manure 
containing IQ to 12 pounds of nitrogen a ton, of which 5 to 6 pounds are in the 
form of ammonia. 

Hansen (15) reports the nitrogen content of stable manure as ranging be- 
tween 0,5 and 0.6 per cent where the total excrement is included. Of the total 
nitrogen from 25 to 40 per cent is in the ammonia form. Analyses of manures 
from the farms in Jutland and Seeland, Denmark (27) show from 0.43 to 0.56 
per cent of nitrogen. The Ohio station (2) gives figures to show that the 
manure, including the litter, from dairy cattle contains 0.57 per cent nitrogen 
of which 0.285 per cent is water-soluble. Analyses of manure from the Han- 
cock (Wisconsin) substation show 0.66 per cent total and 0.18 per cent am- 
monia nitrogen, and samples from the Marshfield (Wisconsin) substation a 
total nitrogen content of 0,56 per cent of which not more than 20 per cent is 
ammonia nitrogen. These figures show that there is less ammonia nitrogen 
in the samples taken from the farms than should be found if the total excrement 
is composted with the bedding. This shortage indicates that either there has 
been a loss of ammonia nitrogen from the manure heap or part of the liquid 
manure nitrogen is not incorporated with it. 

A method, used extensively in Europe, of handling the liquid manure is 
the use of the manure cisterns. The liquid is separated, as far as possible, from 
the solid and is stored in underground cisterns. Danish workers (19, 25, 26, 27) 
have shown that the nitrogen content of the liquid manure from these cisterns 
varies greatly. On farms where average feeds are used the liquid ranges from 
0.45 to 0,55 per cent of nitrogen. If the cisterns are closed tightly there is 
more nitrogen than where they are more loosely closed or partly open. The 
nitrogen content varies greatly from the top to the bottom of the tank, ranging 
from 0.2 per cent at the top to over 0.7 per cent at the bottom. With the 
exception of from 5 to 10 per cent, this nitrogen is all in the form of ammonia. 
These workers found that the decrease in nitrogen content from the bottom 
to the top of the liquid manure is most marked in the surface 2 feet and is due 
to the loss of anunonia nitrogen by volatilization. This loss is greatest in the 
poorly covered cisterns. They found that there is no difference in the nitrogen 
content of the liquid on the same level, whether near the center or near the 
wall of the cistern. Swiss workers (31) found the nitrogen content of liquid 
manure in cisterns to range from 0,03 to 0.58 per cent. Five years' analyses 
of liquid manure gave the average figures of 0.34 per cent total nitrogen and 
0.31 per cent ammonia nitrogen. When these data are compared with the 
fresh urine from cattle containing from 1.0 to 1.3 per cent of nitrogen it seems 
that there tnust be a very heavy loss of nitrogen between the animal and the 
field. 

In any manure where the liquid portion is present, the first action to take 



NITROGEN IN FARM MANURE 


337 


place is the change of urea nitrogen to ammonia nitrogen and this change is 
accompanied by a rise in the pH value. Under normal temperature condi- 
tions, this change takes place within about a week. After this there is an 
acid fermentation similar to that occurring in silage. This fermentation is 
anaerobic and takes place during a period of from one to two months. During 
this fermentation carbon dioxide and the volatile organic acids are formed, 
which in all probability consist largely of acetic and butyric acids. During 
this fermentation the pH value moves down in proportion to the ratio of 
fermentable carbonaceous material to ammonia present. Hansen (15, 16) has 
shown that the pH value of the fermented mixture ranges from 7.0 to 9.0 and 
the ratio of volatile acids to ammonia varies from 0.85 to 2.53. These bio- 
chemical changes leave the liquid manure nitrogen largely in the form of 
ammonium salts of carbonic and volatile organic acids. 

Conservation of manure nitrogen. Aside from mechanical losses, the losses 
of nitrogen from farm manure come for the most part either in its storage 
until it is hauled to the field or during the hauling and spreading process and 
until it is incorporated with the soil. 

When the liquid, solid, and bedding are stored together the least loss of 
nitrogen occurs when the manure is tightly packed and contains all of the water 
it will hold without drainage. Under these conditions, which are practically 
anaerobic, manure may be held in containers or manure pits with open tops 
for long periods with very little loss of nitrogen. Russell and Richards (36) 
think that this may best be accomplished by use of the “deep stair' and the 
manure allowed to remain under the animal until it is used. This procedure 
is not impossible in the dairy industry but makes sanitation more difficult. 
In some districts a large “deep stall" feeding shed is used where the cows run 
loose and are placed in the stanchions only for milking. It is doubtful whether 
this scheme can ever be a practical working plan because of the nature of cattle 
manure. These English workers report that under anaerobic conditions there 
is very little loss of nitrogen, but that if the manure is mixed and left somewhat 
aerobic as much as one-third of the nitrogen may be lost. They seem to think 
that some of it may be lost as elemental nitrogen. Kohnlein (23) quotes figures 
to show that only 13 per cent of the nitrogen is lost in 4J months from the 
deep stall and that if the manure is removed and piled in a more or less open 
heap as much as 36 per cent is lost when the pile is covered and 37 per cent 
when not covered. Danish workers (17, 28) have shown that where both the 
liquid and solid are stored together with the bedding in bins or storage houses 
with tight bottoms and the manure is packed solid and wet, the loss of nitrogen 
may be as low as 2 to 5 per cent of the total. If the conditions are less favor- 
able the loss is greater. Work done at this laboratory with large and small 
containers indicates that where moist anaerobic conditions are maintained, 
the loss of nitrogen is very small, and occurs for the most part during the 
period of ammonification which comes during the first week of storage. After 
this period, fermentation takes place and the ammonia is held in solution as 
the salts of volatile acids which are rather stable except on drying. 
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Storage of liquid. Where the liquid manure is stored separately from the 
solid it is best done in cisterns or closed containers. European farmers (27, 31) 
have followed this practice for many years. The cisterns are usually under- 
ground and the liquid is either pumped out or the cistern is built on a hillside 
and emptied^ by gravity directly into the spreading tank. These reservoirs 
range from 12 to 20 feet in diameter and from 8 to 10 feet in depth and with a 
capacity of from 25 to 60 cubic feet for each cow, the size depending on the 
size of the herd and the length of the storage period. These cisterns are 
usually built with walls of concrete or masonry and plastered on the inside. 
The tops are closed and made as nearly air tight as possible. 

Since the nitrogen in stored liquid manure is largely in the form of ammonium 
carbonate it is easily lost. Jensen (21, 22) has shown that there is a vapor 
pressure to an ammonia solution directly proportional to the alkalinity. He 
has also shown that this is likewise true of the ammonium salts of the volatile 
acids. These facts help to explain the reports of Kristensen (25, 26) that the 
nitrogen in the liquid manure decreases from the bottom toward the top of 
the liquid, and that the top 2 or 3 feet may contain as little as 0.2 per cent of 
nitrogen, because of the volatilization of the nitrogen as ammonia from the 
liquid. If the ammonia can be changed to a salt of one of the more stable 
acids, such as the nitrate, sulfate, chloride, or phosphate, then there is no 
vapor pressure of ammonia and hence it is not lost. 

To prevent the loss of nitrogen from the liquid manure, different means have 
been tried with varied success. Attempts have been made to use disinfectants 
(11, 12, 35) in order to slow up the ammonification process and thus slow up 
the losses of ammonia nitrogen. Success from this measure has been small. 
Kainite and gypsum have also been used in this r61e with only meager success. 
Ammonification may be slowed up by low temperature (9, 12) but the control 
of temperature is impracticable. Chemical treatment (12, 22, 23, 29) offers 
a means to prevent volatilization of ammonia nitrogen by the use of such 
substances as calcium sulfate, calcium chloride, or calcium nitrate, when the 
calcium is precipitated as chalk and the ammonia is held as the less volatile 
sulfate, chloride, or nitrate. Soluble phosphates such as superphosphate or 
treble superphosphate may also be used in the same way. One of the strong 
mineral acids (10, 11), such as sulfuric or phosphoric will also hold the nitrogen 
in a less volatile form. Although these treatments are more or less effective, 
either their cost of some other factor mak^ them impracticable. Danish 
workers (19, 27) found that the more tightly the cisterns are closed the less is 
the loss of ammonia nitrogen by volatilization and that the cistern must be 
sealed air tight to prevent the loss entirely. A layer of oil (8, 9, 35) over the 
surface of the liquid manure has been found to reduce materially the losses 
from volatilization. Blanck (9) also found that dilution of the liquid manure 
reduced the loss of ammonia nitrogen. This is no doubt due to the reduction 
of vapor pressure of the ammonium carbonate. 

The losses of nitrogen from handling manure. If fresh manure is hauled 
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directly to the field from the animal before any ammonification of the urea 
takes place there is less loss of nitrogen because neither the urea or dung 
nitrogen is volatilized before ammonification. If, on the other hand, the 
manure has gone through the ammonification period or has passed on through 
the fermentation process, the urea or liquid manure nitrogen has changed to 
the ammonium salts of carbonic or volatile organic acids and will be lost by 
volatilization when the damp manure is exposed to dr>dng. Hansen (15, 16) 
and Iversen (20) report that when manure is spread out on zinc plates it loses 
water, ammonia nitrogen, and volatile acids. At 25°C. it loses 75 per cent of 
its weight and 75 per cent of its ammonia nitrogen in four days. In the open 
the loss is greatest in clear, warm spring weather with wind, and this amounts 
to 25 per cent of the total nitrogen in four days. Availability experiments 
conducted at the Danish stations indicate that a loss of one-half of the 
ammonia nitrogen may occur from complete fermented manure on being 
spread and exposed during favorable drying weather for 24 hours before its 
incorporation with the soil. 

There are also losses from handling the liquid manure. Liechti and Ritter 
(30), found that when the liquid is spread on the soil by sprinkling there is a 
loss of from 4 or 5 per cent to as much as 20 per cent of the total nitrogen. 
They found little advantage where superphosphate is used. Houcamp and 
Blanck (18) found that, when incorporated with the soil, urine and liquid 
manure give about the same availability of nitrogen as calcium nitrate, sodium 
nitrate, and ammonium sulfate, but when top-dressed, the returns are less. 
If the urine or liquid manure is treated with sulfuric or phosphoric acid it 
gives the same yield whether top-dressed or plowed under. Blanck (9) found 
that the dilution of liquid manure materially reduces the losses of ammonia 
nitrogen by volatilization. He (10) also showed that when the untreated 
liquid manure is applied to the surface of a sandy soil there are heavy losses of 
nitrogen. The higher the temperature and the older the liquid manure, the 
greater are these losses. Less of the nitrogen is lost from the liquid manure 
when applied beneath the surface or mixed immediately with the soil. Ma- 
chines (24, 38) for this purpose are used by European farmers with cultivated 
crops in the intensive farming districts but are not so practical on the extensive 
American farm. 

Liquid manure as such, is little used on American farms, generally on account 
of their extensive nature. Tcutsch (39), however, reports the use of liquid 
manure on pasture lands in the dairy district of western Oregon. 

Availability of manure, nitrogen. Figures showing the availability of the 
nitrogen in farm manure vary greatly, depending much upon several factors 
such as quality and relation of soluble to insoluble nitrogen, method of handling, 
amounts of manure applied, and the crop grown. Hansen (17) reports that 
where field applications of farm manure are made at the rate of 9,000 kgm. 
per hectare (about 4 tons per acre) from 37.6 to 43.6 per cent of the nitrogen is 
available. If one-half this quantity is applied, the availability is from 48.4 to 
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S7.8 per cent, but if one and one-half times this quantity is used, the availa- 
bility drops to 33 per cent of the total nitrogen applied. At the same time he 
found that mineral nitrogen gives an availability of 56.0 to 64.5 per cent of 
the nitrogen applied. Iversen (20), reporting results from two of the Danish 
stations, shows that at Lyngby for the years 1910-1921, it required 2.33 units 
of manure nitrogen to equal 1 unit of inorganic nitrogen and at Askov the 
requirement was 1.9 units of manure nitrogen to equal 1 unit of inorganic 
nitrogen. These figures indicate that over half of the nitrogen in good farm 
manure is not available for crop growth. This is borne out by the work of 
Barthel and Bengtsson (3, 6, 7) in which they show that it is only the ammonia 
nitrogen, in the main from the liquid manure, that is available to the growing 
crop. These workers maintain that it is by the conservation and use of the 
liquid manure that the greatest returns are obtained and that the value of the 
manure depends very much on this factor. The means of storage and the 
fermentation through which it goes determine to some extent the value of the 
manure and the availability of its nitrogen. Scheibe (37) found that manure 
stored and fermented in closed containers sulQfers less loss, decomposes more 
readily in the soil, and the nitrogen is better utilized by crops. Goeters (13) 
reports that a 3 month’s fermentation increases the availability of the nitrogen 
from 6.6 per cent to 18.4 per cent. 

The availability of the nitrogen in farm manure at English and American 
experiment stations varies greatly and falls generally below that reported by 
Danish workers. Hall (14) reports the recovery of only 30 per cent of manure 
nitrogen by mangels, whereas from mineral nitrogen and rape cake the recovery 
was from 60 to 70 per cent. There was an accumulation of nitrogen in the plot 
where manure was applied. Apparently the effect of this increase in soil 
nitrogen is seen in the barley yields on Hoose field for a period of 40 years after 
the application of manure had been discontinued. 

From the New Jersey station Lipman and Blair (32) report 20 years’ work 
on the availability of nitrogen in farm manure and other fertilizers. This work 
was done in tanks under controlled conditions and showed only 32.7 per cent of 
the nitrogen in manure available as against 62.4 per cent from sodium nitrate. 
Later work from this station (33) reports field work showing the following 
availability of cow and horse manure compared with sodium nitrate for four 
consecutive 5-year periods; 


PEB CENT OP AVAILABILITY 



First 5 
years 

Second 5 
years 

Thirds 

years 

Fourth 5 
years 

16 T. cow manure — ^no lime 

14.9 

14.6 

18.7 

21.2 

16 T. horse manure — no lime 

14.6 

16.2 

24.6 

160 lbs. NaNOj — ^no lime 

23.5 

16.3 

16.3 

25.1 

16 T. cow manure — lime 

13.6 

12.8 

13.2 

9.9 

16 T. horse manure — ^lime 

11.9 

10.9 

14.8 

160 lbs. NaNOs — lime 

37.6 

39.1 

15.7 

32.7 
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Analyses of the soil at the end of the 20-year period show that a large part 
of the nitrogen not recovered from the farm manure is found accumulated in 
the soil, but there is no accumulation of nitrogen in the plots treated with 
sodium nitrate. The effect of lime on the availability of manure nitrogen at 
New Jersey is similar to the findings of Barthel and Bengtsson (4, 5) who report 
no beneficial effects from either quicklime or limestone, and that large amounts 
of lime are inhibitory. 

The returns from the use of manure nitrogen at the Ohio Agricultural 
Experiment Station (34) are rather indefinite but interesting nevertheless. By 
applying to the crop yields average figures for their nitrogen contents, the 
amount of nitrogen recovered in the crop is obtained, and by comparing the 
manured plots with the plots receiving approximately the same amount of 
phosphorus and potassium contained in the manure, an approximate availa- 
bility per cent for the manure nitrogen is obtained. During a 15-year period 
on a 5-year rotation of corn, oats, wheat, and two years of hay at Strongville, 
8 tons of farm manure shows no recovery of nitrogen from the manure, either 
on the limed or float treated land. At Wooster on a 5-year rotation of corn, 
oats, wheat, clover, and timothy, 8 tons of manure applied once in the rotation 
shows no recovery of the manure nitrogen during a 29-year period. Double 
this amount of manure gives a 33 per cent recovery of the nitrogen. On a 4- 
year rotation of corn, oats, wheat, and clover at Wooster, 4 tons of manure an 
acre for each rotation gives no recovery, but 8 tons an acre shows a recovery of 
10 to 12 per cent of its nitrogen over a period of 34 years. From the very 
nature of the methods used to obtain these figures, it can be easily seen that 
they are not absolute; in fact they are somewhat contrary to ordinary experi- ' 
ence and also to the findings of Danish workers, who report the greatest 
percentage returns from the lowest per acre application of manure. Although 
the significance of these figures is doubtful, when taken together with other 
availability figures there is an indication that the availability of the nitrogen 
in American farm manure is much lower than is generally thought, no doubt 
because of the poor storage and handling methods and also its low' ammonia 
content. 

GREENHOUSE WORK ON THE AVAILABILITY OF M.\NDRE NITROGEN 

Two sets of pot tests were conducted in the greenhouse to determine the 
availability of the nitrogen in farm manure. One set of these tests was con- 
ducted w'ith synthetic cow manure and horse manure made by mixing with 
straw the solid and liquid excrement in a definite proportion approximating 
that voided by the animal. The other test was made on dairy manure from 
the storage heap at the Marshfield substation. In the former case the start 
was made with fresh manure, and definite records were made on the storage 
and drying losses as well as the amount recovered in the four crops which were 
grown on the same pots over a period of two years. 

This work was done in 2-gallon glazed earthenware pots. The soil was a 
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type intermediate between a sandy loam and a loamy sand very low in organic 
matter and nitrogen. All pots were supplied with sufficient lime, phosphorus, 
and potassium so as to eliminate all of these as factors. Each pot contained 

TABLE 1 


Kinds of manure and amounts of nitrogen added 



POT 

TEEATUEKT 

NITROGEN ADDED PER POT (10 KGM. SOIL) 


NUMOEE 

Dung 

Urine 

Straw 

Total 

Controls 

1-4 


rngm. 

mgm. 

mam. 

mgm. 

Cow manure, j 

fresh 1 

5-6 

7-8 

9-10 

Dung only 

Dunjpand urine 

Dung, urine, and straw 

311 7 
311.7 
311.7 

345.6 

345.6 

74.9 

311.7 

657.3 

732.2 

Cow manure, 1 

fresh, dried j 

11-12 

13-14 

15-16 

Dung only 

Dung and urine 

Dung, urine, and straw 

290.2 
290 2 
290 2 

179.2 

249.8 

74.9 

m.2 

469.4 

614.9 

Cow manure, 1 
fermented 1 

17-18 

19-20 

21-22 

Dung only 

Dung and urine 

Dung, urine, and straw 

289 4 
289 4 
289.4 

298 8 
287 2 

74.9 

289.4 
588.2 

651.5 

Cow manure, f 

fermented, ^ 

dried [ 

23-24 

25-26 

27-28 

Dung only 

Dung and urine 

Dung, urine, and straw 

287.7 

287.7 

287.7 

46.4 
74 3 

74.9 

287 7 
334 1 
436 9 

Cow manure, 1 
frozen dry | 

29-30 

31-32 

33-34 

Dung only 

Dung and urine 

Dung, urine, and straw 

275 7 
275.7 
275 7 

259,3 

314.6 

74.9 

275.7 

535.0 

665,2 

Horse manure, j 
fresh j 

35-36 

37-38 

39-40 

Dung only i 

Dung and urine 

Dung, urine, and straw 

335 7 
335 7 
335 7 

299 3 
299.3 

74.9 

335.7 

635.0 

709.9 

Horse manure, j 
fresh, dried ] 

41-42 

43-44 

45-46 

Dung only 

Dung and urine 

Dung, urine, and straw 

317.5 
317 5 
317.5 

! 

194 0 
177.2 

74.9 

317.5 

511.5 

569.6 

Horse manure, 
fermented 

47-48 

49-50 

51-52 

53-54 

Low straw, top 

Low straw, bottom 
liigh straw, top 

High straw, bottom 

... 

... 

... 

530.4 

652.7 

516.0 

1 535.2 

Horse manure, 
fermented, < 

dried 

55-56 

57-58 

59-60 

61-62 

Low straw, top 

Low straw, bottom 

High straw, top 
, High straw, bottom 

... 

... 

• • • 

528.8 

360.6 

538.0 

336.0 
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10 kgm. of soil. The manure was applied at the rate of 12 tons an acre, 
120 gm. a pot on the basis of the complete fresh manure. The manure was 
made up of 74 per cent by weight of dung, 20 f)er cent of urine, and 6 per cent 
of chopped straw. This was also true of the horse manure used, except that 
marked ^‘high straw,’’ in which 18 per cent of straw was used. Where the 
dung alone or dung and urine were added without straw, 74 per cent and 94 
per cent respectively of the 120 gm, were added. If there were losses in storage 
or drying, this was deducted from the 120 gm. so that the application was 
always made on the fresh wet basis except for the fermented horse manure. 
Table 1 gives the treatments of the manures and the amounts of nitrogen added 
to the various pots. 

The fermentation took place in 2-gallon stoneware containers at a tempera- 
ture of 20®C. for four weeks. The tops of these containers were loosely covered 
to prevent excessive evaporation. The drying was done by spreading 500-gm, 
portions of the wet manure on glass plates in the greenhouse and allowing it to 
dry at 20°C. Complete air-drying took place in about five to six days. The 
manure was then removed from the plates and dried in the oven at 80°C. 
over night. 

The manure frozen dry was spread on a glass plate and held at a temperature 
below freezing until dry. This required about two weeks. It was then dried 
in the oven. 

Analyses were made both on the wet and dry samples. Wet analyses were 
made on 2()-gm. samples in triplicate. After digestion, the samples were made 
up to 500 cc. and two-fifths of the sample was used. This procedure gave 
excellent results. It w^as found that the total nitrogen contained in manure 
could not be obtained after the samples were dried because of the loss in 
drying. 

The manure was thoroughly incorporated with the moist soil by mixing and 
sifting. The plants were watered with distilled water. Four crops — oats, 
buckwheat, corn, and oats — were grown in rapid succession with no further 
additions of manure and wdth only from one to three months intervening 
between the crops. Table 2 gives yields and nitrogen content of those four 
crops. Each of these figures is the average of duplicate cultures. 

None of these crops were grown to maturity but only to the point where they 
had used all of the available nitrogen. This came in the oats at about the 
heading stage, with the buckwheat when it was in blossom and with the corn 
when the first tassel appeared. The crops were then cut off at the surface of 
the soil and the roots left in the pot. The tops were oven-dried, weighed, 
ground, and the nitrogen determined. By deducting the nitrogen in the 
controls from that obtained from the other pots, the amount of nitrogen re- 
covered from the manure is obtained. Table 3 shows these figures, together 
with the total amounts of nitrogen obtained in the four crops and the amounts 
added in the manure. 
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TABLE 2 

Yields of dry matter and nitrogen contents of the four crops: oats^ huckwkeaty corn and oats 


Amounts per pot (10 kgm. soil) 



POT 

OATS, 

FIRST CROP 

BUCKWHEAT, 
SECOND CROP 

CORN, 

THIRD CROP 

OATS, 

FOURTH CROP 


NUMBER 

Yield 

Nitro- 

gen 

Yield 

Nitro- 

gen 

Yield 

Nitro- 

gen 

Yield 

Nitro- 

gen 

Controls (average) 

1-4 

gm. 

7.60 


gm, 

5.1 

percent 

1.19 

gm. 

9.65 

percent 

0.98 

gm. 

3.45 

per cent 

1.44 

( 

5-6 

7.50 

1.15 


1.15 


0.95 

4.25 

1.46 

Cow manure, fresh ^ 

7-8 

25.40 

1.38 


1.25 

■HBi] 



1.60 

1 

940 

22. 5Q 

1.35 


1.29 

19.40 

0.95 

3.75 

1.68 

Cow manure, fresh, 1 
dried ] 

11-12 

5.80 

1.41 

8.5 

1.11 

11.30 

0.96 

4.60 

1.50 

13-14 

14.40 

1.15 

4.3 

1.39 

13.15 


4.35 

1.59 

15-16 

13.10 

1.21 

3.7 

1.38 

14.15 

0.85 

4.35 

1,76 

Cow manure, fer* I 
mented j 

17-18 

8.00 

1.22 

8.3 


14.75 


4.90 

1.53 

19-20 

20.70 

1.34 

4.4 

1.42 

17.15 

0.89 

3.85 

1.58 

2142 

19.60 

1.26 

6.6 

1.24 

12.95 


5.75 

1.46 

Cow manure, fer- 1 
mented, dried | 

23-24 


1.38 

6.5 

1.11 

12.15 

0.84 

4.15 

1.48 

25-26 

6.70 

1.22 

5.5 

1.16 


0.94 

4 85 

1 44 

27-28 

6.90 

1.37 

7.6 

1 08 

jgg 

0,96 


1.45 

Cow manure, frozen I 
dry 1 

29-30 

5.40 

1.37 

7.7 

1.06 

MR 

0.98 


1.39 

31-32 

16.90 

1.31 

4.6 

1.27 

12.65 

1.14 

4.65 

1.35 

33-34 

17.30 

1.29 

3,6 

1.30 

13.25 

1.03 

4.95 

1.43 

f 

35-36 

3.85 

1,85 

8.5 

1.12 

13.85 

0.95 

4.95 

1.29 

Horse manure, fresh ^ 

37-38 1 


1.34 

4.1 

1.44 

n 


MM 

1.28 

1 

V 

39-40 

18.25 

1.28 

5.6 

1.34 

■ 

0.94 


1.38 

Horse manure, fresh, 1 
dried I 

41-42 

2.95 


8.6 


14,55 

0.79 

5.15 

1.27 

43-44 

8 45 

1.18 

5.3 

1.23 


0.87 

4.65 

1.47 

4546 


1.47 

8.4 

1.06 

15.55 



1.35 


47-48 

8,05 

1.33 

8.8 

1.16 


0.95 

5.30 

1.32 

Horse manure, fer* 

49-50 

18.85 

1.29 

5.1 

1.33 


1 05 

5.10 

1.36 

mented 

51-52 

9.95 

1.24 

7.7 

1.16 


0.86 


1.31 


53-54 

14.85 


4.8 

1.24 

16.45 

0.87 

4.85 

1.32 

( 

55-56 

5.95 

1.47 

7.4 

1.19 


0.8.3 

6.00 

1.23 

Horse manure, fer- 1 

57-58 

3.15 


7.4 


14.35 

0.84 

4.70 

1.29 

mented, dried ) 

59-60 

8.35 

1.13 

4.4 

1.32 

15.95 

0.87 

4.95 

1.36 

1 

61-62 

2.10 

2.04 

7.5 

1.10 

13.85 

0.83 

5,40 

1,17 
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TABLE 3 

NUrogen added in the manure and that recovered in the four crops: OatSf buckwheat^ corn, 

and oats 


Amounts per pot (10 kgm. soil) 



POT 

NITKOCEN ADDED 

NITEOGEN RECOVERED FROM MANURE BY FOUR 
CRUP.S 


NUUBEK 

Urine 

Total 

Oats 

Buck- 

wheat 

Corn 

Oats 

Total 

f 

5-6 

mgm. 

mjtM. 

311.7 

mgm. 

11.7 

mgm. 

15.2 

mgm. 

6.7 

mgm. 

20.0 

mgm. 

53.6 

Cow manure, fresh { 

7-8 

345.6 

657.3 

276.0 

1.8 

61.9 

11.0 

350.7 

1 

9-10 

345.6 

732.2 

229.2 

-2.8 


13.3 

305.5 

Cow manure, fresh, 
dried 

11-12 


290.2 

7.3 

33.7 

14.0 

19.3 

74.3 

13-14 

179.2 

469.4 

91.1 


23.8 

19.3 

134.3 

15-16 

249.8 

614.9 

84.0 

-9.6 

26.8 

26.8 

128.0 

Cow manure, fer- 1 
men ted | 

17-18 


289.4 

23.1 

38.9 

38.2 

25.3 

125.5 



588.2 


1.8 

58.1 

11.3 

274.1 

WS^ 

287.2 

651,5 

172.5 

21.1 

38.9 

34.5 

267.0 

Cow manure, fer- 1 
mented, dried ] 



287.7 

8.3 

11.4 


11.8 

42.0 

25-26 

46.4 

334.1 

7.2 

3 1 

Ira 


37.3 

27-28 

74.3 

436.9 

20.5 

21.4 

0.5 


66.6 

Cow manure, frozen I 
dry 1 

29-30 


275.5 

-0.5 

21.9 

9.0 


46.1 

31-32 

259.3 

535.0 

146.9 

-2.3 

49.7 


207.4 

33-34 

314.6 

665.2 

148.7 

-13.9 

43.3 

21.3 

199.4 

i 

[ 

35-36 


335.7 

-3.3 

34.5 

37.0 

m 

82.7 

Horse manure, fresh ^ 

37-38 

299.3 

635.0 

194.5 

-1.6 


BS 

1 284.3 

1 

V 

39-40 

299.3 


159.1 

14.4 

103.8 


292.6 

( 

Horse manure, fresh, 1 

41-42 


317.5 

-16.8 

28 9 

20.4 


48.3 

43-44 

194,0 

511.5 

25.2 

4.5 

32.8 

18.5 

81.0 

dried ] 

45-46 

177,2 

569.6 

19.6 

28.4 

45.4 

28.7 

122.1 


47-48 

Not 

530.4 

34.2 

41.4 

50.8 

20.1 

146.5 

Horse manure, fer- 

49-50 

known 

652.8 

169.6 

6.1 

15.7 

19.7 

211.1 

mented 

51-52 

exactly 

516.0 

48.9 

20.5 

46.9 

18.7 

135.0 


53-54 


535.2 

103.8 

-1.1 

48.5 

14.3 

165.5 

1 

55-56 

Not 

528.8 

13.0 

22.5 

9.2 

24.0 

68.7 

Horse manure, fer- ! 

57-58 

known 

360.6 

-9.3 

20.7 


10.8 

48.2 

mented, dried ] 

59-60 

exactly 

538.0 

19.9 

2.6 


17.9 

80.2 

1 

61-62 



-31.7 

21.8 


13.4 

23.9 


Minus means less than the control. 
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A balance sheet showing the amounts of nitrogen lost in the various storing 
and handling operations is given in table 4. This table also shows the per- 
centage recoveries from the various treatments based both on the original 
total and also on the original amount of liquid manure nitrogen present. 

Losses of nitrogen in the handling of manure occur at two points; first, during 
the process of storage, and second, in the process of spreading and exposure 
before the manure is incorporated with the soil. The figures in table 4 show 
a fermentation loss of 7 to 11 per cent. This will vary directly with the 
exposure, temperature, and evaporation. If the manure is in a deep, moist 
heap and well packed, only slightly exposed at the top and with no drainage, 
the loss from storage will not be more than a few per cent, which comes largely 
during the ammonification period. These data correspond to the findings of 
other investigators already cited. 

The second and perhaps greatest loss of the nitrogen from farm manure 
comes during the drying period from the time the manure is spread in the field 
until it is plowed under. These handling, spreading, and drying losses vary 
greatly with the conditions, being greater with the higher temperature and 
more excessive drying. The losses given in table 4 for spreading and drying 
would be the maximum that could possibly occur. The loss of nitrogen from 
the dung by drying is always small, w’hatever the previous treatment may have 
been. This would be expected because practically all of the dung nitrogen is 
organic and only about 20 per cent of it is changed to ammonia in storage. 

The greatest loss of nitrogen comes from the urine or liquid manure. When 
the liquid is mixed with the dung only and the fresh material allowed to dry, 
there is a loss of 28.6 per cent of the total nitrogen, or about twice that per- 
centage of the liquid manure nitrogen. This loss comes largely because the 
manure does not dry fast enough to prevent ammonification and its consequent 
loss. The low temperature of the frozen manure gives a lesser loss, due perhaps 
for the most part to the lack of ammonification. The drying losses are much 
greater in the fermented manure because the liquid manure nitrogen is entirely 
changed to ammonia and held in solution as salts of volatile acids. The figures 
show a loss under these conditions of from 30 to 45 per cent of the total nitrogen, 
which is approximately from about 50 to 90 per cent of the liquid manure 
nitrogen. One very outstanding fact in connection with the fermented horse 
manure is the difference in the drying loss between the top and bottom of the 
heap. From the manure in the top 5 or 6 inches of the heap there is little or 
no loss of nitrogen on drying, but when the manure from the bottom portion 
of the heap is dried, from 80 to 90 per cent of its liquid manure nitrogen is 
lost by volatilization. This is explained by the fact that the liquid manure 
nitrogen in the bottom of the heap (strictly anaerobic fermentation) is entirely 
in the form of ammonium salts of volatile acids and is lost easily, whereas the 
nitrogen in the top part has passed through an aerobic decomposition, has lost 
some of its ammonia during the process and the rest has been changed to an 
organic form by microorganisms, and is not volatile on drying. 
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TABLE 4 

Losses and recovery of nitrogen by the four crops from 120 gm. of manure or its component parts in 

the various IreaXments 
Amounts per pot (10 kgm. soil) 



POT 

NUM- 

BF.1* 

ORIGIN \L NITRO- 
GKN IN MANURK 

NITROGEN 
LOST IN 
STORAGE 

(fermenta- 

tion) 

nitrogen 

LOST IN 
HANDLING 

(drying) 

NITROGEN RFCOV- 
LRED IN 4 CROPS 

NITROGEN 
LOST PLUS 
THAT RECOV- 
ERED IN 4 
CROPS 

Urine 

Total 

OriKinal 

total 

Orig- 

inal 

urine 



w/jm. 

mgm. 

mgm 

per 

cent 

mum 

per 

cent 

mgm. 

per 

cent 

per 

cent 

mgm. 

per 

cent 

Cow manure, j 
fresh 1 

5~6 


311 7 






53.6 

17.2 


53.6 

17.2 

7-8 

345 6 

657.3 






350 7 

54 3 

101.6 

350.7 

54.3 

9-10 

345 6 

732 2 






305.5 

41.7 

88.5 

305 5 

41.7 

Cow manure, j 

fresh, dried 1 

1 

11-12 


311.7 




21.5 

6.9 

74.3 

23.8 


95.8 

30.7 

13-14 

345.6 

657 3 




187 9 

28 6 

134.3 

20 4 

38 9 

322 2 

49.0 

15-16 

345.6 

732 2 




117 3 

16 0 

128 0 

17.5 

37.1 

245.3 

31.5 

Cow manure, f 
fermented ] 

17-18 


311 7 

22 

3 

7 16 



125.5 

40 3 


147 8 

47.5 

19-20 

345 6 

657 3 

69 

1 

10.5 



274 1 

41 7 

79.4 

343 2 

52.2 

21-22 

345 6 

732 2 

80 

7 

11 2 



267.0 

36 5 

77.3 

347.7 

47.7 

Cow manure, [ 

23-24 


311 7 

22 

3 

7 16 

1.7 

0 54 

42 0 

13 5 


76,0 

21.2 

fermented, 

25-26 

345 6 

657 3 

69 

1 

to 5 

254 1 

38.7 

37 3 

5.6 

10.8 

360.5 

54.8 

dried [ 

27-28 

345 6 

732 2 

80 

t 

11 2 

214 6 

29.3 

66.6 

9.1 

19 3 

361.9 

49.6 

Cow manure, 1 
frozen dry j 

29-30 


311 7 




36 0 

11.5 

46.1 

14.8 


82.1 

26.3 

31-32 

345 6 

657 3 




121 4 

18 5 

207.4 

31 5 

60 0 

328 8 

50.0 

33-34 

! 

345 6 

732 2 




67 0 

9.1 

199.4 

27.2 

52 7 

266.4 

36.3 

Horse manure, J 
fresh j 

35-36 


335.7 






82.7 

24.6 


83.7 

24.6 

37-38 

299 3 

635,0 






284 3 

44.8 

95.0 

284.3 

44.8 

39-40 

299.3 

709 9 






292.6 

41.2 

97 7 

292.6 

41.2 

Horse manure, I 
fresh, dried j 

41-42 


335 7 




18 2 

5.4 

48.3 

14 4 


66.5 

19.8 

43-44 

299 3 

635 Oj 




123.5 

19.4 

81.0 

12 7 

27 0 

204.5 

32.1 

45-46 

299.3 

709 9 




140 3 

19.8 

122.1 

17 2 

40.8 

263 4 

37.0 


47-48 

Not 

530,4 






146.5 

27 6 

i 

146.5 

27.6 

Horse manure, 

49-50 

known 

652.8 






211 1 

31.1 


211.1 

31.1 

fermented 

51-52 

exactly 

516 0 






135.0 

26.2 


135 0 

26.2 


53-54 


535.2 





... 

165.5 

30 9 

... 

165.5 

30 9 

Horse manure, 
fermented, 
dried 

55-56 

Not 

530 4 




1.6 

0.3 

68.7 

13.0 


70.3 

13.3 

57-58 

known 

652 8 




292.2 

44.8 

48.2 

7.4 


340.4 

52.2 

59-60 

exactly 

516 0 




No 

loss 

80.2 

15 6 


80.2 

15.6 

61-62 


535.2 




199 . 2 [ 

37.2 

23.9 

4.5 

... 

223.1 

41.7 



548 


A. FLOYD HECK 


Straw as bedding in the manure tends to reduce the drying losses and the 
more straw used, the greater is the saving of nitrogen. Although straw shows 
up as an aid in preventing loss at this point, it is a decided detriment to the 
availability of the nitrogen, which is inversely proportional to the amount of 
straw present, In this case the straw furnishes energy material for the growth 
of soil organisms, especially fungi, which compete with the plant in the use of 
nitrogen and cause a lower recovery of nitrogen in the crop. Allison (1) and 
many other workers have shown that the energy materials supplied in manure 
have this effect. 

The recovery of the manure nitrogen by the four crops varied from almost 
nothing to over 50 per cent of the total nitrogen or approximately 100 per cent 
of the liquid manure nitrogen. The availability of the dung nitrogen is low 


TABLE s 

Anaiys^is of stored solid and liquid manure from the Marshfield and Hancock (Wisconsin) 

substations 



COliPLETE 
MANUBE STORED 
IN THE HEAP 

LIQUID UANVBE 
FROM THE 
CISTERN 

Marshfield, 1928: 

Diy matter, per cent 

23.3 


Specific gravity 

1.0134 

Total nitrogen, per cent (wet) 

0.56 

0.33 

Total nitrogen, per cent (dry) 

1.97 

Nitrogen lost on drying, per cent (wet) 

0.10 


Total phosphorus, per cent (wet) 

0.115 


Total potassium, per cent (wet) 

0.426 

Hancock, 1929: 

Total nitrogen, per cent (wet) 

0.665 

0.35 

Ammonia nitrogen, per cent (wet) 

0.183 

0.33 

Potassium, per cent (wet) * 

0.336 




except in case of the fermented dung, where it reaches 40 per cent of the nitro- 
gen, but in most cases is below 20 per cent. With the cow manure, where the 
dung and liquid alone are used, the amount of nitrogen recovered in the crop 
is the difference between the total liquid manure nitrogen and the losses occur- 
ring before the manure is incorporated into the soil. If two-thirds of the liquid 
manure nitrogen is lost in storage and handling, only one-third is recovered in 
the crops. The availability of the nitrogen in horse manure is usually a little 
lower than that from cow manure; first, because there is usually a lesser pro- 
portion of liquid manure nitrogen present, and, second, there is more energy 
material of a cellulose nature. Straw nearly always lowers the availability in 
direct proportion to the amount present. Manure decomposed aerobically 
and well rotted shows a l&wer availability than the anaerobically fermented 
manure because of the change from ammonia to organic nitrogen in the aerobic 
decomposition. 
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Tests with Manure fram the Marshfield Substation, Manures from the storage 
heap and liquid manure cistern at the Marshfield substation were also used in 
pot tests. Table 5 shows the composition of these manures from Marshfield 
for 1928 and also from the Hancock substation for 1929. 

The com})Osition of these manures is very different from that of the synthetic 
manures used in the previous tests. Although the total nitrogen in the manure 

TABLE 6 

Application and recovery of nitrogen from mantire from the Marshfield substation applied to 

fallow pots 

Amounts per pot (10 kjjm. soil) 


POT 

NUMBER 

TBF VTUIt VT 

M\UVUf- 

APPUtU 

NITROGEN 
ADOF-D IN 

NJTRATF NITHOOFN RECOVERED 
FROM FALLOW 


MANURE 

Total 

From original manure 



Srutni 

mgm. 

mm- 

mm- 

per cent 

1 

Control, no manure 



130 



2 

Manure fresh from heap 
turned under immediately 

120 

672 

340 

1 210 

31 3 

3 

Manure fresh from heap - 
wet down 3 or 4 times, 
allowed to dry, then turned 
under 

120 

672 

310 

180 

26.8 

4 

Manure dried before applica- 
tion 

28 (dry) 

552 

160 

30 

5.6 

5 

Liquid manure, turned under 
immediately 

30 4 

100 

240 

no 

110.0 


TABLE 7 


Recovery of nitrogen by corn from manure from (he Marshfield substation 
Amounts per pot (10 kgin. soil) 


i 

POT 

NUMBER 

WICIGHr OF DRY MATLRt AL 

NITKOGLN IN DRY MXTF.RUL 

NITROGEN 
ADDFl) IN 
MANURE 

KFUOVERY 

OF ORIGINAL 

manitre nitro- 
gen ADUF.D 

Tops 

Root^ 

Toial 

Tops j 

1 Knots 

Total 


nrams 

grams 

grams 

P<'r i ml 

mm j 

'percent 

mm- 

mm- 


mgm. 

per rent 

1 

10.5 

7.5 

18 0 

0 77 

80.81 

0.92 

69 0 

148.8 




2 

25.3 

9 7 

35.0 

0 97 

245 4 

1.01 

98 0 

343.4 

672 

194.6 

28.9 

3 

22 6 

11 0 

33 6 

0 86 

194.4 

0 93 

102.3 

296 7 

672 

147.9 

22.0 

4 

15 5 

10 3 

25 8 

0.73 

113.1 

0.86 

88.6 

201.7 

552 

52.9 

9.5 

5 

19.4 

10 5 

29.9 

0 80 

155 2 

0.86 

90.3 

245.5 

100 

96.5 

96.5 


is high, as much as 13 p^ounds of nitrogen to a ton of manure, the ammonia 
portion is very low. This condition may be due to the failure to incorporate 
all of the liquid into the storage heap or its subsequent loss by leaching, or it 
may be due to a more or less aerobic condition of the heap and a change from 
ammonia to organic nitrogen or even some losses of ammonia nitrogen. 

Pot tests with the manure from Marshfield were made as already outlined. 
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The complete manure was applied at the rate of 12 tons an acre and the liquid 
manure 3 tons an acre. Four pots of each treatment were made, two of which 
were kept in clean fallow and two planted to corn. The corn was grown to the 
tasseling stage, harvested, the roots removed from the soil, and both top and 
roots were dried, weighed, and analyzed. The fallow pots were carried along 
until the harvest of the corn when the amount of nitrate nitrogen was deter- 
mined in them. Table 6 shows the treatments, amounts of nitrogen applied 
to all pots, and the nitrogen recovered as nitrate from the fallow pots. Table 
7 gives the yields of corn, its nitrogen content, and the nitrogen recovered from 
the manure by the corn. 

It is interesting to note that the amounts of nitrogen recovered in the corn 
are approximately the same as those obtained as nitrate from the manure in the 
fallowed pots. In this case, moisture was not a factor and it would be logical 
to expect as much nitrification fn one case as in the other. With this particular 
manure, less than 30 j)er cent of its total nitrogen is recovered in the total crop 
when the manure is incorporated in the soil at once with no loss of nitrogen, 
lliis indicates that between 30 and 50 per cent of the licjuid manure nitrogen 
either was not incorporated into the storage heap or was lost by leaching or 
volatilization in the storage process. When the manure is wet down after 
spreading, in imitation of rain, and a part of the soluble nitrogen washed into 
the soil before the manure is allowed to dry prior to plowing down, there is a 
recovery of less than 25 per cent of the total nitrogen, thus showing an addi- 
tional loss from the drying after the rain of 5 to 7 per cent of the total nitrogen. 
If the manure is dried completely before application, the availability is reduced 
to almost nothing, showing that practically all of the ammonia nitrogen is 
lost when the manure dried at 8()®C. Figures in table 10 show that 95 per 
cent of the ammonia nitrogen from fermented manure is lost by drying in this 
way and this corresponds closely to the availability to corn of this manure 
nitrogen. 

When the liquid manureis used alone its nitrogen is practically all recovered 
in the crop. This nitrogen is completely water-soluble and largely in the 
ammonia form with no energy material present. This liquid manure, however, 
was very low in nitrogen, carrying only 10 pounds a ton. To apply 30 pounds 
of nitrogen to the acre in this form it would be necessary to apply 3 tons, or 
about 750 gallons, of the liquid to the acre. 

STORAGE AND HANDLING CHANGES IN MANURE; LABORATORY ANALYSES 

Changes in storage, A series of laboratory studies were made to determine 
the nature of the changes taking place in manure when stored and how these 
changes affect the losses in handling. A series of closed containers were set up 
and filled with urine, dung, and mixtures of these, together with straw. The 
mixtures were made up on the basis of dung 74 per cent, urine 20 per cent, and 
straw 6 per cent for the complete manure. The tops of these containers were 
closed and the air space above the manure filled with carbon dioxide more 
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nearly to imitate anaerobic conditions in the compact heap. A mercury seal 
was placed on each container. These containers were held at 20”C. for 30 
days and then determinations were made for total and ammonia nitrogen, 
volatile and non-volatile acids, and pH. Table 8 gives these data. 

The urine nitrogen changes almost completely to ammonia, only about 5 per 
cent remaining in organic form. Because of the large amount of ammonia 
formed, the pH value goes up to 9.4 at the end of 30 days. This change is 
complete in a short time with practically no subsequent change. 


TABLE 8 

The composition and reaction of urine, dung, and cow manure mixtures on standing 



CHINE ONLY 

DUNG ONI.Y 

DUNG AND 
URINE 

COMPLETE 

MANURE 

Dung: 78 7% 
Urine: 21 3% 

Dung: 74% 
Urine: 20% 
Straw: 6% 

Nitrogen in urine, per cent 

1.106 


1 106 

1 106 

Nitrogen in dung, per cent 


0 386 

0 386 

0.386 

Nitrogen in straw, per cent 




1.04 

Urine nitrogen in mixture, pen cent . 

1.106 


0 2356 

i 

0 2212 

Dung nitrogen in muture, per cent . . . 


0 386 

0 3038 

0 2856 

Straw nUrogcMi in nii\ture, per cent 




0 0624 

Total nitrogen in mixtuic at beginning, 





per cent . . 

1 106 

0 386 

0 5394 

0 5692 

After .^0 days: 





Total nitrogen, per cent . 

1 077 

0 402 

0 525 

0 575 

Ammonia nitrogen, per cent . 

1 018 

0 084 

0 278 

0.271 

Volatile acids per gram of manure, cc. 





AVI 4 acid 


2 20 

2 772 

; 4.295 

.Non-volatile acids per gram of manure, 





cc. AVI 4 acid 


J 12 

0 784 

0.9075 

pH 

9 4 

.5 27 

7.37 

6 79 

After 60 days: 





Total nitrogen, per cent 




0.574 

Ammonia nitrogen, per cent 

1 



0.296 


In 30 days only about 20 per cent of the dung nitrogen is changed to am- 
monia. I'his material is acid at the end of this period with a pH value of 5,27 
and volatile acids equivalent to 2.2 cc. of Ayi4 acid per gram of manure, or 
nearly three times the amount of acid necessary to unite with the ammonia 
nitrogen present. This is the most acid fermentation because it contains no 
urine and gpnsequently little ammonia nitrogen is produced to raise the pH 
value. After 30 days a little over half of the nitrogen in the dung and urine 
mixture is ammonia. The volatile acids in this mixture are equivalent to 2.77 
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cc. of iV/14 acid per gram of manure, a little increase over the dung alone, but 
the pH value is up to 7.37 because of the large amount of ammonia present. 
When straw is added to the dung and urine there is an increase in the amount 
of volatile acids and a drop in the pH value. The addition of straw has practi- 
cally no effect upon the ammonification process or the amount of ammonia 
produced, but the energy material in the straw materially increases the amount 
of volatile acid produced. At 60 days there is a slight increase in the ammonia 
content. 

Ammonia traps were placed inside of each of these containers and, with the 
exception of the liquid alone, there is practically no volatilization of ammonia 
nitrogen. It seems that loss of nitrogen as ammonia from manure mixtures is 
always accompanied by evaporation. 


TABLE 9 

Changes in llte nitrogen content of fermented manure exposed to drying 
Amounts from 20-gm. sample 



AMMONIA 

Nli'RUGFN 

NON'AiniONI 

Water-sohible 

lA MirSOGEM 

Water-insoluble 


mgm. 

mgm. 

mgm. 

Atmosphere still— no wind: 




12 hours— 20°C .... 

50.2 

13.0 

47.8 

36 hours— 

32.0 

10.7 

43 6 

3|'‘days— aOT 

21.4 

11.65 

39.8 

7days— 

17.0 

10 4 

41.6 

7 to 8 days*— 8()'C 

3.0 

8 1 

45.4 

Atmosphere moving *~-8i-«milc wind: 




12 hours — 20°C 

o 

o 

11.8 

40.8 

36 hours -20^0 

23 1 

12.1 

40.3 

3 idays-20°C 

17.7 

12.6 

40.6 

7 days-aO^C 

15 7 

11.4 

40.4 

7 to 8 days*— 80'’C 

2.85 

8.5 

43.4 

In manure before exposure 

59.2 

57 

.5 


* See note, table 10. 


Losses of manure nitrogen in hafidling. A study was made of the losses of 
nitrogen from the complete manure mixture of dung, urine, and straw shown 
in table 8. Samples of a given weight were spread out on glass plates at the 
rate of 12 tons an acre. They were allowed to stand at room temperature 
(20®C.) and humidity. One set was exposed to a still atmosphere and another 
set to air moving at the rate of miles an hour. They were not exposed to 
sunshine. At varying intervals of time, the ammonia nitrogen and non- 
ammonia nitrogen were determined. The last samples, after standing at 
room temperature for 7 days, were heated at80®C. for 24 hours. The axmncmia 
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was determined by distilling the water-soluble fraction of the manure with 
magnesium oxide. These data are given in table 9. 

There is very little change in the non-ammonia nitrogen but the ammonia 
nitrogen is almost completely lost under the conditions of the experiment. 
Table 10 gives the losses of ammonia nitrogen in per cent based both on the 
total and the ammonia nitrogen. From these data it may be seen that in 
seven days nearly three-fourths of the ammonia nitrogen in fermented manure 
is lost by volatilization. When the atmosphere is in motion, the loss is much 
more rapid in the beginning, but at the end of a 7-day period, approximately 
the same amounts are lost. Heating to 80®C. causes a further loss of about 20 
per cent and leaves only a 5 per cent residue of ammonia nitrogen. The Si- 
mile wind causes a greater loss in 12 hours than is lost from the samples dried 
without wind in 36 hours. Almost one-half of the ammonia nitrogen is lost 
in 12 hours with the 85 -mile wind. The loss of nitrogen from the drying 


TABLE 10 

Losses of ammonia-nitrogen from fermented manure exposed to drying 
Amounts from 20-gm. sample 


AFTI-JK 

ATMOSPHERE STn-L- 

-NO WIND 

ATMO.SPHLRE MOVINC—SJ 
MILE WIND 

1 Total nitrogen 

Ammonia 

nitrogen 

Total nitrogen 

Ammonia 

nitrogen 


tnxrn. 

pet cent 

Percent 

mgm. 

per cent 

per cent 

12 hours — 20®C 

9 0 

7 7 

15.2 

29 2 

25 1 

49.4 

36 hours— 20 

27 2 

23 4 

46 0 

36 1 

30 9 

61.0 

1 

0 

P 

.37.8 

32 4 

63.9 i 

41 5 

35 6 

70 0 

7 daj^ -20°C 

42 2 

36 2 

71 3 

43.5 

37 3 

73.5 

7 to 8 clays* — 80® C . 

56 2 

48 2 i 

95 0 

56.4 

48.3 

95 2 


* After air-drying in the open for 7 days the residue was placed in the 80° oven for 24 hours. 


fermented manure seems to take place in two stages. In the first stage the 
loss is very rapid and uniform and this stage covers approximately one-half of 
the ammonia nitrogen. In the second stage the loss is much slow^er and 
represents about one-half of the remaining ammonia nitrogen. 

A further study of the volatile substances given off from manure was made 
in an attempt to explain the reason for the volatilization of the ammonia 
nitrogen. A smjill container 10 inches by 2 inches by J inch deep was 
arranged so that 30 gm. of manure could be spread on the bottom at the rate of 
12 tons an acre and then carbon dioxide- and ammonia-free air was drawn over 
the manure and the ammonia, carbon dioxide, and volatile acids were trapped 
and determined. This was carried on for 144 hours in three 48-hour periods. 
The results are given in table 11 . 

These data, together with those in table 10 , show that the loss of ammonia 
nitrogen proceeds up to the extent of about 50 per cent largely as the carbonate, 
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with perhaps little loss as the salts of volatile acids. This loss, taking place 
while the manure is still moist, is very rapid and follows almost a straight line. 
When the moisture is gone, the loss of nitrogen is for the most part ammonium 
salts of the volatile acids and is much slower. These volatile acids are in all 

TABLE 11 

Ammonia nitrogen, carbon-dioxide carbon, and volatile acids lost in 144 hours from drying 

fermened manure 

Amounts from 30-gm. sample of complete manure 



AUltONlA 

NITKOGEN 

CAEBON-DTOXIDE 

CABBON 

VOLATILE ACIDS 

First 48 hours 

rngm, 

51.8 

11.2 

6.8 

mgm. 

38.4 

6 0 

7.8 

a. ti/l4 acid 

10. 5 

10.5 

4.2 

Second 48 hours 

Third 48 hours 


Total volatilized in 144 hours 

69.8 

52.2 

25.2 


Total ammonia nitrogen in sample 88.8 

Total nitrogen in sample 172.2 


Total ammonia nitrogen in sample 88.8 

Total nitrogen in sample 172.2 


TABLE 12 

Losses of nitrogen from liquid manure under different methods of storage 



OPEN—NO 

TBEATllENT 

OPEN— 50 CM. 
45 PEE CENT 
SVPEKPHOSPUATE 

OPEN— 1 INCH 
OIL COVER 

At beginning: 




Amount used, cc 

700 

700 

680 

Specific gravity, liquid 

1.03 

1.03 

1.03 

Total nitrogen, per cent 

1.29 

1.29 

1.29 

At end of 30 days: 




Loss in weight, gm : 

40 

32 

0 

Ammonia nitrogen, per cent 

0.952 

0.998 

1.242 

Total nitrogen, per cent 

1.039 

1.159 

1.277 

Weight liquid manure, gm 

681 

689 

700.4 

Weight of nitrogen in manure, gm 

6 94 

7.98 

8,99 

Loss of nitrogen, gm 

2.38 

1.34 

0 07 

Loss of nitrogen, per cent 

25.5 

14.37 

1.08 

At end of 6 months: 




Loss of nitrogen, per cent 



1.27 


probability largely acetic and butyric. These acids were isolated as a group 
and gave a Duclaux curve similar to the lower organic acids, but no definite 
identifications were made. 

Storage losses from liquid manure. Three flasks of fresh urine were set up in 
the laboratory and held at 20®C. They were left unstoppered. No. 1 was 
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held as a control with no treatment, no. 2 received 50 gm. of 45 per cent super- 
phosphate, and no. 3 received no chemical treatment but was covered with a 
layer of lubricating oil i inch deep. They were allowed to stand for 30 days 
and analyses made of their contents. Table 12 shows the results of this study. 

The control lost 25.5 per cent of its nitrogen in 30 days; the phosphate- 
treated urine, 14.4 per cent; and the oil-covered urine, only 1 per cent in 30 
days and only 1.27 per cent after a period of 6 months. If urine is treated with 
a mineral acid or a soluble salt of a mineral acid, especially a calcium salt, 
the ammonia in the liquid manure is changed to the salt of a non-volatile acid 
and is not lost from the solution. None of these chemical treatments have 
proved practical for farm use, either because of the expense or some other 
disadvantage, such as the insoluble residue left by the superphosphate, which 
must be removed fom the cistern in the solid form. 

The layer of oil, however, is a very efficient and cheap means of conserving 
the liquid manure nitrogen. From a practical standpoint, used crank case oil 
can be obtained at a very low cost and the saving of nitrogen is almost 100 per 
cent. The delivery pipe and the pump can be run to the bottom of the cistern 
and the liquid manure delivered and pumped out from under this oil layer, 
which forms a perfect seal. Losses of nitrogen on spreading may be reduced 
by dilution before spreading or by drilling the liquid under the surface of 
the soil. 


DISCUSSION 

Farm manure may be applied to the land as soon as it is produced or it may 
be stored until some convenient time in the cropping system. Either method 
may be used with advantage at times, and if handled properly, with a minimum 
loss of nitrogen, but perhaps by far the greater portion of farm manure is stored 
before application. For general livestock or dairy farming this is probably 
the simplest and best adapted. Although European farmers have used the 
separate storage to advantage in their more intensive farming, it is a question 
whether it will ever come into general use in the more extensive American 
system. It seems that for the more extensive farmer the storage of the dung, 
urine, and bedding together is most convenient. This storage should accom- 
plish three things; namely, the incorporation of all of the liquid excrement with 
the manure, the prevention of any leaching, and the maintenance of anaerobic 
conditions in the storage heap. The first is accomplished by the use of gutters 
for the prevention of loss, and the use of sufficient absorbent or bedding. 
Leaching in storage is best prevented by the use of some sort of concrete con- 
tainer with a tight bottom so that no liquid may be lost. It is not necessary 
for this manure container to be covered, in fact unless the rainfall is very high 
it is better for the manure to receive the normal precipitation, as long as there 
is no leaching. This precipitation insures the necessary moisture to produce 
and maintain anaerobic conditions and these conditions are better produced 
by packing the normally moist manure than by water-logging. There is 
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enough moisture in cattle manure so that if it is packed down, anaerobic 
conditions will result. European farmers are careful of this point and often 
use animals for the packing. This stored manure quickly ammonifies and then 
in the course of a month or two, depending upon the temperature, goes through 
a fermentation process similar to that of silage fermentation. If this storage 
is done properly the end product will contain practically all of the nitrogen in 
the original dung and urine, and about half of it, or that portion originally in 
the urine, will be in the form of ammonium carbonate and the ammonium salts 
of volatile organic acids. If this process is properly done, the loss of nitrogen 
in storage of manure should be less than 10 per cent of the original nitrogen. 

The handling and spreading of anaerobically stored manure must be done 
properly if minimum losses are to be obtained. Three-eights to one-half of 
the nitrogen in this manure is easily lost by exposure to drying conditions. 
Greatest spreading losses occur when weather conditions are best for drying. 
Warm, dry, sunny days with wind produce conditions which cause greatest 
losses. If the spreading is done during cool, rainy weather and the manure 
incorporated with the soil immediately, the losses may be reduced to a mini- 
mum. The handling of fermented manure is made much easier if cut straw is 
used for liter. The spreading of fresh manure is attended by the loss of less 
nitrogen than where the manure is fermented. The practice of applying the 
fresh manure to snow-covered fields in winter gives low handling losses, but 
on the other hand, if fresh manure is spread and allowed to lie on the land during 
warm sunny weather, ammonification takes place within two or three days 
and the losses may be heavy. 

The available nitrogen in farm manure is largely confined to the ammonia or 
water-soluble portions. The water-soluble nitrogen in farm manure, minus the 
losses in storage and handling, gives a very good measure of the nitrogen in 
manure which is readily obtained by the growing crop. Very little of the 
dung nitrogen is readily utilized by crops. Only in the case of fermented dung 
does any appreciable amount of the dung nitrogen become available. The 
amount of the nitrogen in the liquid furnishes a very good measure of the value 
of the nitrogen in farm manure. When straw is used for bedding to absorb 
the liquid, it not only acts as an absorbent, but also aids in decreasing the losses 
on drying after the manure is spread. Although the straw is an advantage in 
this respect, it is a decided disadvantage in the amount of manure nitrogen 
recovered in the crop. The straw furnishes energy for the growth of soil 
microorganisms with a resultant depression in the nitrate and available nitro- 
gen. As a result, the greater amount of straw used as bedding, the greater 
the depression in the availability of the manure nitrogen. This depression is 
especially marked in the first crop following the manure application. 

SUMMARY 

This paper reports a laboratory and greenhouse study of the changes, losses, 
and availability of the nitrogen in farm manure. The results may be sum- 
marized as follows: 
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When manure is stored under anaerobic conditions two changes take place; namely, the 
urea and water-soluble nitrogen change to ammonia, and an acid fermentation takes place with 
the formation of volatile organic acids which react with the ammonia, forming salts. 

The losses of nitrogen from farm manure come both in the storage and handling processes. 
Under extreme conditions these losses combined may be almost one-half of the total nitrogen 
or nearly the whole of the liquid manure nitrogen. The loss of nitrogen is due to the volatili- 
zation of ammonia either as the carbonate or as the salt of a volatile acid. The former seems 
to be lost most rapidly during the early drying period and the latter when most of the carbon- 
ate is gone. The ammoniheation process results in an increase in the pH value and the 
fermentation process causes the pH value to decrease, and this decrease is in direct proportion 
to the amount of straw or energy material present. 

When' liquid manure is stored alone, the nitrogen changes to ammonium carbonate and is 
lost from the solution by volatilization. This loss may be reduced to almost nothing by 
covering the surface of the liquid with a thin layer of mineral oil. Although the container 
may be open, there is practically no loss of nitrogen through the oil layer. 

Straw as bedding in the manure tends to reduce the drying losses of nitrogen, but at the 
same time it reduces the availability of manure nitrogen. 

An approximate measure of the nitrogen available from farm manure is obtained by the 
difference between the water-soluble or ammonia nitrogen and the losses of nitrogen from the 
manure during storage and handling. If there is no loss of nitrogen from cattle manure, 50 
per cent of the total, or 100 per cent of the liquid, manure nitrogen should be recovered in the 
6rst crop under normal conditions. A smaller recovery than this is probably due either to 
loss of liquid manure nitrogen or the use of excessive amounts of straw as bedding. 
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PLATE 1 

Growth of Oats on Soils Variously Treated 

Fig. L Comparative growth of oats on the control and also on the dung alone from cow 
manure treated in various ways. 

Fig, 2. Comparative growth of oats on fresh cow manure and the same after being dried 
(Pots 5 and 11 are dung alone; 7 and 13 are dung and urine; and 9 and 15 are dung, urine, and 
straw). 

Fig. 3. Comparative growth of oats on fermented cow manure and the same after being 
dried (Pots 17 and 23 are dung alone; 19 and 25 dung and urine; and 21 and 27 dung, urine, 
and straw). 
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VlATli 2 

CiROWTH f)F HuCKWIIKM 0\ bOILS VARIOUSLY TkKVTED 

Fi(i. 1. Comparative growth of buckwheat following oats on the same pots shown in 
plate 1 , ligure 2 

Fig. 2. Comparative growth of Imckw'heat following oats on the same pots shown in plate 
1, figure .L 
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It is the purpose of this paper to present the results of some single-valued 
measurements of the members of a group of soils, to compare the values ob- 
tained for the diflfcrent kinds of measurements, and to discuss briefly the utility 
and probable significance of the determinations carried out.^ 

The chief object of making a “single-valued measurement” of a soil, as this 
term is now understood, is to obtain an expression which characterizes the phy- 
sical behavior of the soil in some one or more ways, and which in addition may 
provide a useful and simple numerical value indicative of its texture. Several 
such measurements have been proposed and utilized from time to time, some 
of them with much success. In this country the hygroscopic coefficient and 
moisture equivalent have been used more extensively than any others. More 
recent single valued measurements which have been used here and elsewhere 
include the colloid content, the clay content, the shrinkage, the pore space, the 
sticky point, the stiffness, and the Atterberg values. The single- valued meas- 
urements which have been used in this work are as follows: 

Colloid content by adsorption, 

Content of clay finer than 2 m effective dhuneter, 

Content of clay finer than 1 m effective diameter (determined by two different mclhoda 
of pretreatment), 

Air-dry moisture content, 

Moisture equivalent, 

Sticky point, 

Rolling-out limit. 

Fifty-seven soils were used. Detailed descriptions of 44 of these have al- 
ready been given elsewhere (4), The same numbers have been retained for 
them, so that they may be identified readily with respect to grouping and origin. 
The 13 additional soils, numbered 51 to 54, 57, 59, and 61 to 67, comprise seven 
additional series from the San Joaquin Valley and adjacent foothills in Califor- 
nia. They have been included for the purpose of increasing the geographical 

* Paper read before the meeting of the Western Society of Soil Science at Corvallis, Oregon, 
June 17, 1930. 

* The authors wish to thank Dr. Sylvia L. Parker for her criticism of the statistical portion 
of the paper. 
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distribution and broadening the already wide textural range. The entire 
group represents a wide variety in respect to age, origin, climate, and vegeta- 
tion. All of the soils have been preserved in glass jars for at least 1 year, and 
in some cases for as long as IS years, and were air-dry. Each was prepared 
before use by being passed through a 1-mm. screen, followed by thorough 
mixing. 


COLLOID BY ADSORPTION AND CLAY CONTENT 

The influence of the colloid portion of the soil mass upon the physical, phy- 
sico-chemical, and chemical properties of the whole is recognized. Various 
methods have been devised for measuring this part of the soil. Some involve 
indirect measurements in which the extent to which soils manifest certain prop- 
erties characteristic of the colloid portion alone is measured. Others are more 
nearly direct, in that some arbitrary^particle size limit is set as representing the 
approximate upper limit of size of the colloidal material, and separations or 
analyses based on these size limits are then used. The work of Anderson (3), 
Gile (7), and others has produced evidence favoring the use of 1 m as the arbi- 
trary upper limit of diameter for soil colloid, and according to Gile (8) this is 
the upper limit implied in the definition of soil colloid by the U. S. Department 
of Agriculture, Bureau of Chemistry and Soils. In a recent publication, how- 
ever, Olmstead (11, p. 12) names the material below 2 m effective diameter the 
‘‘colloid” fraction. Colloid chemists usually consider a much smaller diameter 
as representing the upper limit of the colloidal state. 

One indirect and two direct methods of measurement were used in the present 
case. W. 0. Robinson's (13) procedure was followed in the determination of 
the water vapor adsorbed per gram of soil. The soils, previously sifted through 
a 1-mm. brass sieve, were exposed over 3.3 per cent sulfuric acid at 3(fC. in a 
partially evacuated glass desiccator, stored for 5 days in a dark air thermostat. 
By dividing the water vapor adsorbed per gram of soil by 0.3 (13, 4) the per- 
centage of colloid by adsorption, was calculated.® The pipette method, follow- 
ing pretreatment with hydrogen peroxide and hydrochloric acid, washing, and 
shaking with dilute ammonia, was also used to measure the amounts of disper- 
sible material having as upper limits of diameter 1 m and 2 m respectively. This 
pretreatment is part of the international method as adopted by the Interna- 
tional Society of Soil Science (5). It aims at complete dispersion. A modified 
form of the aforementioned method, very simDar to that adopted by the Inter- 
national Society of Soil Science for technical and petrographical purposes and 
which includes dispersion by shaking with dilute ammonia water only followed 
by pipette sampling, is a method that has been used to some extent as a rapid 
means of estimating the readily dispersible clay content of soil samples. This 
was used as a third method in the present series of measurements. 

* The measurements of colloid by adsorption were made in connection with (4) by M. 
Tamachi. 
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Where both the 2 and samples were taken from the same suspension fol- 
lowing the peroxide and acid pretreatment, the method followed was to sample 
for the material finer than 2/i first, the pipette being carefully lowered into, and 
withdrawn from the suspension. The cylinder was then left standing for the 
additional length of time necessary to allow for the settling of particles 1 m in 
diameter before again sampling with the pipette. In the international group- 
ing of particle sizes, an effective diameter of 2 m is the upper limit of clay. 

A comparison of the results obtained by these three methods, and a consider- 
ation of the yield of clay having a maximum particle diameter of 2m, are of 
interest. The results are given in table 1 for 44 soils. In 34 of the 44 soils, or 
in 77 per cent of the total, the highest quantity of colloid is calculated to be 
present when the water-vapor adsorption method is used, and comparisons are 
made with the results of the pipette methods of analysis, in which latter the 
quantities of material of 1 m in diameter and smaller are taken as measures of 
the colloid content. Furthermore, in 31 of the 44 soils, or in 70 per cent of the 
total, the colloid by adsorption exceeds the yield of material finer than 2 m ob- 
tained by the international method. In all cases but one (soil 6) the lowest 
yield of colloid is obtained when dispersion is produced by shaking with ammo- 
nia water only. Somewhat similar observations have been made by Gile (7) 
and by Joseph (9). 

The results do not simplify the problem of the determination of the quantity 
of colloid in soils. They do indicate, however, on the one hand that pipette 
sedimentation determinations following the international method may provide 
misleading information through failing to take into account the,possible pres- 
ence of colloid coatings still adhering to the surfaces of the larger particles, or of 
micropores within the particles. Such particles might contribute considerably 
to the adsorptive capacity of the soil, without undergoing much reduction in 
settling velocity on account of lowered density. On the other hand the pres- 
ence of soluble salts in the soil, and the nature of the replaceable bases (16) may 
slightly increase the quantity of adsorbed water vapor, and consequently the 
amount of colloid when calculated by the adsorption method. It is planned 
to study shortly the effect of the former possibility. It is clear that pretreat- 
ment by shaking with dilute ammonia water consistently gives figures consid- 
erably below those representing either the total dispersible colloid or the total 
quantity of water vapor-adsorptive material. Such incomplete dispersion 
obtained by simple shaking in ammonia water is of common occurrence. It 
has been explained by Wiegner (19). 

Upon comparison of the quantities of material yielded by the international 
method of pretreatment and analysis, and having as upper limit of diameter 1 
and 2 m respectively, it is found that for the 44 soils whose content of clay finer 
than 2 m ranged from 16 to 60 per cent, the average yield of clay of 1 m diameter 
and less, amounted to 89 per cent of the 2 m material for each soil. A range of 
from 36 to 100 per cent was obtained for this relationship. However, the 
lower values are rare, as only 4 of the 44 soils yielded an amount of material 



TABLE 1 

Colloid and clay content as obtained by different methods of analysis ^ and air^dry moisture con- 
tent, of 44 soils 


SOIL NOIIBEB 

COLLOID BY 
ADSOBPTION 

CLAY 1* 

CLAY 2t 

CLAY 3t 

RATIO : 

CLAY 1 
CLAY 2 

AIB DKY 
MOISTUBB 
CONTENT 

41 

per cent 

13,8 

per cent 

15.7 

percent 

18.6 

percent 

10.9 

0.844 

percent 

1.0 

42 

18.5 

24.4 

26.6 

10.2 

0.917 

2.1 

24 

19.8 

17.2 

18.1 

9.7 

0.949 

2.3 

44 

21.7 

25.4 

27.6 

9.0 

0.920 

2.0 

45 

21.7 

21.1 

25.0 

13.9 

0.844 

1.9 

43 

24.0 

22.1 

23.5 

13.4 

0.940 

2.6 


27.2 

23.4 

25.5 

13.5 

0.917 

4.0 

6 

28.7 

25.2 

25.4 

25.6 

0.992 

6.2 

10 

30.8 

13.5 

16.6 

6.0 

0.813 

4.7 

18 

31.9 

15.2 

23.8 

13.2 1 

0.638 

3.7 

25 

32.7 

25.8 

29.8 

23.5 

0.866 

3.6 

33 

33.4 

14.7 

20.0 

8.6 

0.735 

4.7 

49 

35.1 

23.5 

. 28.6 

7.5 

0.821 

4.3 

20 

36 8 

27.6 

32.0 

17.4 

0.862 

3.1 

50 

36.8 

45.8 

45.4 

9.3 

1.008 

5.5 

7 

38.0 

53.5 

56.0 


0.955 

11.5 

5 

38.8 

31.4 

32.6 

12.3 

0.975 

5.4 

11 

40.9 

30 2 

32.0 

13.4 

0.943 

6.1 

22 

41.9 

18.7 

21 8 

8.8 

0.857 

6.4 

16 

43.6 

33.9 

36.5 

14.1 

0.928 

5.6 

26 

45 3 

46 0 

48.0 


0 958 

! 6.0 

12 

45,6 

45.4 

46.3 

24.3 

0.981 

6 8 

32 

48.8 

50.1 

53.3 

28.1 

0.940 

6 9 

48 

49.4 

15.7 

36.8 

14.1 

0 426 

6.0 

47 i 

49.6 

13.4 

36.9 

8.4 

0.363 

6 9 

31 

49.7 

47.4 

49.4 

28.5 

0.959 

6.8 

29 

50.0 

49,9 

51,6 

26.2 

0.968 

6.5 

3 

50.1 

35.8 

37.3 

14 6 

0 959 

7.7 

8 

50.2 

36 1 

38.3 

20.6 

0.942 

6.0 

30 

50,5 

52 4 

53.3 

26.0 

0.983 

6. 7 

15 

50.8 

32.2 

39.9 

15.1 

0.807 

6.1 

28 

52.5 

58.9 

58.7 

27.0 

1.003 

7.9 

9 

54.3 

60.0 

61.8 

25.6 

0.970 

8.1 

27 

55.0 

45.0 

46.9 

25.1 

0.959 

5.5 

34 

55.7 

48 5 

55.7 

21.9 

0.870 

9.3 

14 

56.2 

52.5 

51.9 

25.4 

1.012 

7.7 

13 

56.6 

38.3 

41.8 

12.5 

0.916 

7,8 

21 

58.8 

29.7 

31.6 

24.0 

0.940 

5.6 

23 

62.6 

44.4 

44.2 

27.6 

1.005 

9.0 

46 

65.1 

36.0 

43.8 

13.0 

0.821 

8.5 

17 

66.7 

50.4 

53.4 

26.4 

0.944 

9.7 

37 

67.7 

35.2 

37,8 

4.0 

0.931 

4.5 

35 

67.9 

52.3 

60.6 

29.4 

0.863 

9.9 

2 

87.4 

35.8 

36.3 

21.7 

0.986 

• 7.5 


* Yield of material finer than I/a effective diameter, following international method of 
pretreatment, and pipette method of analysis. 

t Yield of material finer than l/i effective diameter, following international method of 
pretreatment, and pipette method of analysis. 

t Yield of material finer than 1 /a effective diameter, following shaking over-night with 
dilute ammonia, and pipette method of analysis. 
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finer than equal to less than 80 per cent of the material finer than 2/z, whereas 
29 of the soils were found to contain quantities of material finer than l/i 
amounting to 90 per cent or more of the material finer than 2/x. The constancy 
of this ratio between 1 and 2ti material for soils containing different contents of 
clay is apparent from the values of the fourth and sixth columns of table 1, 

DETERMINATIONS OF THE STICKY POINT, THE ROLLING- OUT LIMIT, ^ AND THE 
NON-STICKY PLASTIC RANGE 

The methods used for the determination of the air-dry moisture content and 
the moisture equivalent have been described in detail elsewhere (4). The 
sticky point was determined by placing about 10 gm. of air-dry soil on the 
hand and slowly adding water from a burette until the soil was wet and sticky. 
The wet soil was then kneaded in the hand by thumb and fingers until, through 
gradual drying, it reached such a state of moistness that it just failed to stick to 
the thumb when pressed. The pressure applied by the thumb should be ap- 
proximately the same at each trial for stickiness. A moisture determination 
of the mass of kneaded soil was then made immediately by oven drying at 
105°C., the moisture content on the dry basis being taken as a measure of the 
sticky point of the soil. This procedure is practically identical with that de- 
scribed by Keen and Coutts (10, p. 745). Five independent determinations of 
the sticky point were made by the same worker for each soil. The average 
range between the highest and the lowest result obtained in each set of five 
determinations was 1.92 per cent. The lowest such range was 0.5 per cent, 
and the highest 3,8 per cent. The results given are the averages of the five 
determinations. Keen and Coutts have i^ointed out (10, p. 758-760) the differ- 
ences in results which may be expected between different workers making inde- 
pendent determinations upon the same soils. 

'Die rolling-out limit was measured by using adaptations of Atterberg’s (14) 
original method. For the more clayey soils the procedure was as follows: A 
rounded mass of about 3 gm. of soil, at approximately the sticky point, was 
placed on a glazed tile. The mass was then rolled with the flat side of a thin, 
light piece of wood, by applying a uniform pressure of such magnitude that 
when the board was moved parallel to the surface of the tile the soil was made 
to roll between board and tile, meanwhile assuming a cylindrical form which 
rolled out into a continuous thread. The thread was then destroyed and roll- 
ing recommenced. Repetitions of this treatment were continued until, as a 
result of gradual drying, the cylindrical thread which was formed, broke, upon 
rolling, into fragments 5 to 15 mm. long by about 2 to 3 mm. in diameter. The 
moisture content was then determined, and expressed as a measure of the roU- 
ing-out limit. 

A slightly different method was found necessary for the determination of the 
rolling-out limit of the more sandy soils, because of the difficulty of rolling such 

* Determinations of sticky point and roILing-out limit made by M. P. Baltazar. 
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soils into threads. Ten grams of soil were thoroughly wetted and moulded 
into a roughly cylindrical form. This cylinder was then placed on a glazed 
tile and very lightly rolled with the same wooden board as was used for the 
more clayey soils. During the rolling the surface of the tile was continually 
wiped dry to hasten the attainment of the end point. Finally, under such 
treatment, the Soil was found to break into loose crumbs upon rolling. This 
was considered as the rolling-out limit, which was expressed numerically by 
making a moisture determination of the soil. 

TABLE 2 

Results of five single-valued measurements for each of 20 soils 


SOIL NUITBER 

COLLOID BY 
ADSORPTION 

CLAY* 2 MICRONS 
EPPECTIVE 
DIAMETER 

MOISTURE 

EQUIVALENT 

STICKY POINT 

ROLIJNG-OUT 

LIMIT 


per cent 

per cent 

per cent 

per cent 

per cent 

19 

21.4 

23.lt 

27.3 


27.7 

44 

21.7 

27.6 

20.2 


13.5 

45 

21.7 

25.0 

18.6 

17.2 

12.4 

43 

24 0 

23.5 

20.1 

17.4 

15.2 

40 

27.2 

25.5 

23.7 

24.3 

15.5 

10 

30 8 

16.6 

26.3 

26.0 

25.1 

25 

32.7 

29.8 

32.2 

21.6 


33 

33.4 

20.0 

27.0 

24.5 

21.7 

50 

36.8 

45.4 

27.3 

30.1 

17.1 

5 

38.8 

32.6 

29.1 

33.2 


36 

40.5 

35. Of 

29.6 

32.5 


16 

43.6 

36.5 

32.6 

36.4 


12 

45.6 

46.3 

29.8 

30.4 


38 

48.2 

39. 9t 

29.2 

31.7 

18.1 

31 

49.7 

49.4 

30.6 

33.4 


29 

50.0 

51.6 

34.8 

33.9 


3 . 

50.1 

37,3 

33.7 

37.7 


8 

50.2 

38.3 

37.7 

36.4 


27 

55.0 

'46.9 

28.9 

29.1 


21 

58.8 

31.6 

38.6 

40.8 

30.1 


• Following international method of pretreatment, 
t Estimated values by means of the regression equation. 


Five determinations, made by the same worker for each soil, gave an average 
range between highest and lowest results of 1.75 per cent for all soils. The 
lowest range for any set of five soils was 0.4 per cent, the highest 4.2 per cent. 
The results rep)orted are the average of five separate determinations for 
each soil. 

The non-sticky plastic range was determined by subtracting the rolling-out 
limit from the sticky point. There seems to be foundation for taking the 
sticky point as the upper limit of the plastic state, and hence for the meas- 
urement of the plastic range. As this may not yet meet with general agree- 
ment, and in order to avoid confusion, the term ‘^non-sticky plastic range” 
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has been used. The word ‘‘plastic” strictly is not applied to an adhesive mass 
of soil, but is applicable for that region lying between the moisture content 
at which plasticity first becomes apparent (the rolling-out limit) and the 

TABLE 3 


Results of three single-valued measurements and the ratios existing between some of these^for each 

of 34 soils 


SOIL NTTMBEH 

MOISTtTRE 

STICK V VOINT 

STICKY 

POINT 

ROIXING-OUT 

ROLLING-OUT 

LIMIT 

NON-STICKY 

PI.ASTiC 

RANGE 

EgUlVALKNT 

IfOISTURK 

FQUIVALENT 

_ 

LIMIT 

MOlSTURIi 

EQUIVALENT 

65 

per cent 

9.5 

per cent 

13.3 



Blii 

0 9 

62 

14.8 

13.8 




0.4 

61 

15.6 

16.3 

1.04 

11.8 

0.76 

4.5 

66 

16.9 

14 4 

0.86 

13.4 

0.79 

1.0 

45 

18.6 

17.2 

0 92 

12.4 

0.67 

4.8 

51 

18 6 

18 5 

0 99 

19.1 

1.03 

- 0.6 

63 

19.2 

21.3 

1.13 

17.8 

0.61 

3.5 

43 


17.5 

0 87 

15.2 

0.76 

2.3 

44 

20 2 


0 99 

13.5 

0.67 

6.5 

52 

21 3 

21.8 

1.02 

15.6 

0.73 

6.2 

54 

22 4 

26.1 

1.18 

26.1 

1.22 

0 0 

67 

23.1 

22.2 

0 93 

16.6 

0.72 

5.6 

40 

23.7 

24.3 

1.03 

15.5 

0.65 

8 8 

53 

24.3 

24,8 

1.02 

16.8 

0.69 

8.0 

57 

25 4 

29.0 

1.15 

17.8 

0.71 

11 2 

10 

26 3 

26,0 

0 99 

25 . 1 - 

0.95 

0.9 

33 

27 0 

24.5 

0.91 

21.7 

0.80 

2,8 

19 

27 3 

29.6 

1.08 

27.7 

1 01 

1.9 

50 

27.3 

30.1 

1.10 

17.1 

0 63 

13.0 

27 

28.9 

29.1 

1.01 

15.5 

0.54 

13.6 

5 

29.1 

33.2 

1.14 

22.9 

0.79 

10 3 

38 

29.2 

31,7 

1.09 

18.1 

0 62 

13.6 

36 

29.6 

32,5 

1.10 

19.4 

0.66 

13.1 

12 

29.8 

30.4 

1 02 

18.7 

0 63 

11 7 

31 

30 6 

33.4 

1.08 

17.9 

0.58 

15.5 

25 

32 2 

21.6 

0 . 6 ;^ 

13.8 

0.43 

7.8 

16 

32 6 

36 4 

1.12 

25.7 

0 79 

10.7 

3 

33 7 

37.7 

1.12 

29.4 

0.87 ! 

8 3 

29 

34.8 

33 9 

0 97 

24.8 

0.71 

9.1 

8 

37.7 

36.4 

0 97 

22.6 

0.60 

13.8 

21 

38.6 


1.06 

30.1 

0 78 

10.7 

64 

40 9 

42.4 

1.04 

28.7 

0.70 

13.7 

17 

49.3 

44.3 

0.90 

26.7 

0.54 

17.6 

59 

50.0 

31 2 

0 61 

16.9 

0.34 

14.3 

Average . . . 



1.01 


0.74 



moistness at which the soil mass becomes adhesive (the sticky point). This 
range may or may not include the so-called “Fliessgrenze” of Atterberg. 
The results of the determinations are contained in tables 2 and 3. 





372 


G. B. BODMAN AND ESTHER P. PERRY 


INTERRELATIONS OF THE SINGLE-VALUED EXPRESSIONS 

The correlations existing between the colloid by adsorption and the air-dry 
moisture content, and the content of clay finer than 2/i were examined for 44 
soils. In addition the moisture equivalent, sticky point, and rolling-out limit 
were compared with the colloid by adsorption and with the content of clay 
finer than 2/z for 20 of the soils, and their coeiSicients of correlation were deter- 
mined. Finally, values of the correlation coefficient were obtained between 
the moisture equivalent and the sticky point, rolling-out limit, and the non- 
sticky plastic range, respectively, for 34 soils (6, 17, 18). 

The results of these calculations are given in table 4, which gives for each 
correlation, in the last column, the probability that such a correlation would 
arise by random sampling of an uncorrelated population. The correlations 
are to be regarded as significant if the probability is low. 

In 1916 Alway and Clark (1) suggested the utility of the determination of 
the hygroscopic moisture of soils as an index of their hygroscopic coefficient, 
and from numerous careful measurements of both values found that a simple 
ratio connected the two. They stated that, because of its simplicity, the 
hygroscopic moisture determination might well be considered as a means of 
measuring the hygroscoi)ic coefficient wherever the samples were numerous 
and the labor involved in the direct determination considerable. In connec- 
tion with their vapor pressure studies in 1925, Puri, Crowther, and Keen (12) 
pointed out the steepness of the vapor pressure-moisture content curves for 
soils in the general region of SO per cent relative humidity, and stated that on 
that account the air-dry moisture content of a soil might be taken as well as 
any other single soil constant for characterizing the soil. Since then Keen and 
Coutts (10) have used the moisture content at 50 per cent relative humidity 
in that capacity. The high correlation, r = 0.74 dt .05, obtained between 
measurements of the air-dry moisture content^ and the colloid by adsorj)tion 
for 44 soils is in general accord with conclusions to be drawn from the data of 
Alway and that of the Rothanisted workers. 

An apj)roximation to the percentage of colloid by adsorption may be obtained 
from the air-dry moisture content by means of the regression equation (18), 

C = M, + r ■ — (W - MJ 


where 

W = percentage of air-dry moisture content of particular soil for which an estimated 
value of colloid content is sought, 


® No continuous record of the humidity of the air in the laboratory has been obtained. 
Nearly 500 readings of wet and dry bulb thermometers, kept in the laboratory at some 
distance from the sample storage room, have since been taken at intervals between 8 a.m. 
and 5 p.in. for the period September, 1930 to April, 1931. These gave an average relative 
humidity of 52 per cent. 
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C « percentage colloid by adsorption, 
C estimated value of C, 

Me =* mean value of C, 

Mu, mean value of W, 
ffe *= standard deviation of C, 
ffw standard deviation of 
and r * correlation coefficient. 



Fig. 1. Relation between Air-dry Moisture Content and Colloid by Adsorption 

By calculation from the values of W and C contained in table 1 the regression 
equation is resolved into the expression, C = + 15.6. The closeness of 

agreement between estimated and experimental values of tlie colloid by ad- 
sorption is indicated by the scatter diagram and regression line of figure L 
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A somewhat lower degree of correlation is found to exist for these same soils 
between the colloid content and the content of clay finer than 2fjL, This, to- 
gether with the earlier observations concerning the relative magnitude of the 
two values, suggests that the measurement of particles having certain settling 
velocities does not provide a true measure of the colloidally active material. 

The high correlations obtained between the colloid by adsorption, and the 
moisture equivalent and sticky point simply provide further confirmation of 
the general truth that the higher the colloid content of a soil the higher its 
water-holding capacity and the higher its moisture content before it becomes 


TABIJE 4 

Correlation coefficients between pairs of single-valued expressions^ cult iilatcd from data of 

tables /, 2y and 3 


V^VU'hS CORRKLATFn 

NUMBER OF 
SAMPLED USK1> 
IN CORRELATION 

CORRELATION 

eOFFFTCIENX 

(r) 

PROBABILITY* 

(6) 

Colloid hv adsorption and clay < 2 m 

44 

0.65=1=0.06 

<0 01 

('olloid by adsorption and air-dry moisture 




content 

44 

0 74±0.05 

<0 01 

Colloid by adsorption and moisture equiva- 

i 



lent 

20 

0 83±0.05 

<0 01 

Colloid by adsorption and sticky point 

20 

0 83=fc0 05 

<0 01 

Colloid by adsorption and rolling-out limit . 

20 

0 42q=0.12 

o 

b 

A 

o 

Clay < 2 m and moisture equivalent 

20 

0 50±0 11 

0 02 <0 05 

Clay < 2 m and sticky point 

20 

0.54±() 11 

0 OK 0.02 

Clay <2 m and rolling-out limit 

20 

- 0 01=fc0 15 

High, no 

correla- 
tion 

IVIoisture equivalent and sticky point 

34 

0 89±0 02 

<0 01 

Moisture equivalent and rolling-out limit. .. 
Moisture equivalent and non-sticky plastic 

34 

0 61=t0.07 

<0 01 

ranee 

34 

0 76.LO 05 

<0 01 


* See page 372. 

sticky. The much less close association obtained between the clay finer than 
2ju and the moisture equivalent and sticky point indicates that the adsorptive 
surfaces are of relatively more significance in these particular values than the 
particle sizes. 

From the correlation coefficients of table 4 it appears that the measurement 
of the colloid by water-vapor-adsori)tion is a much more significant criterion 
of the probable physical behavior of a soil than is a measure of its clay finer 
than 2/i following the hydrogen peroxide-hydrochloric acid pretreatment. 
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The value of the rolling-out limit is very much less affected by the colloid 
content and by the clay fjner than 2/i. 

The values reported in table 3, and llieir corresj)on(ling correlations in table 
4. are of much interest. Very close relationships exist between the three single- 
valued measurements reported, and also between the moisture equivalent and 
the non-St icky i)lastic range. These results indicate that a rapid field appraisal 
may Ije made of the moisture condition of a given soil in terms of its relative 
moistness for ]3urposes of decisions concerning moisture supply and timeliness 
of i^erforming tillage oj)erations. The sticky point rej)resents a higher point 
on the moisture scale than does the rolling-out limit. Two-thirds of the 34 
soils examined had a sticky j)oinl within ill) j)er cent of the moisture equiv- 
alent. Of the remainder, four soils liad sticky points below 90 ])er cent of the 
moisture equivalent, ranging from 61 to 86 per rent of that value, and seven 
had sticky ]K)inls a[)ovc 1 10 i)er <'ent of the moisture equivalent, ranging from 
112tol41 j)ercent of it. The average ratio, sticky point: moisture equivalent, 
amounted to 1.01. In view of the significance of the moisture equivalent as 
an index of the moisture holding capacity of the medium textured soils, as 
shown b}' AKvay and McDole (2), Shaw (15), and others, the rather close 
agreement with it of the sticky [)oint, a readily determined quantity, is inter- 
esting and useful. 

The significani e of the rolling-out limit is that it represents the lower limit of 
the plastic consistency for low forces of compression. It is apparently a means 
of determining the lower moisture limit of easy ])uddling and of easy reduction 
of pore s[)ace. Over one-lialf of the 34 soils were found to have a rolling-out 
limit between 64 and 84 per cent of the moisture equivalent. Nine of the re- 
maining soils had ro!ling-out limits below 64 per cent of the moisture equivalent 
and six had values above 84 j)er cent of it. The average ratio rolling-out 
limit; moistiiie ectuivalent was 0,74. 

The close correlation between the non-sticky plastic range and the moisture 
e(|uivalent indicates that as tlie texture of the soils becomes finer, as expressed 
by the moisture equivalent, a wider range is to be expected between the rolling- 
out limit and the sticky i)oint. That is to say, the low'er limit of easy puddling 
becomes farllier and farther removed from the sticky point. By virtue of the 
relationship existing between the sticky i)oint and the moisture equivalent this 
also means that for the heavier soils, in terms of absolute moistness, usually the 
rolling-out limit is farther from the moisture equivalent. 

The relationships existing between moisture equivalent, sticky point, and 
rolling-out limit are showm graphically in figure 2, which is a combined scatter 
diagram of sticky i)oints and rolling-out limits plotted against moisture eciuiv- 
alents. The non-sticky plastic range is indicated in each case by a vertical bar 
connecting the sticky point with the rolling-out limit for the same soil. The 
regression lines for the sticky i)oint and rolling-out limit on the moisture equiv- 
alent, with their equations, have been drawn in the figure, assuming linear 
associations. The shaded portion between the tw^o lines represents the non- 
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Sticky plastic range, and the position which it may be expected to occupy for 
different values of the moisture equivalent. The divergent nature of the 
boundaries of this range as the soils increase in fineness of texture is clearly 
shown. The sticky point and rolling-out limit may be expected to exhibit a 
tendency to coincide in the vicinity of moisture equivalent == 9.8 per cent. It 



Fig. 2. Relation between Moisture Equivalent, Sticky Point, Rolling-out Limit 
AND Non-stick Y Plastic Range 

is somewhat doubtful whether the inversion of values to the left of Af *= 9.8 
per cent would be consistently obtained experimentally, although inversion is 
known to occur (e.g. soil 51).® 


SUMMARY 

Measurements of several single- valued soil properties; namely, colloid con- 
tent by adsorption, clay finer than 2/* and clay finer than following treat- 
ment with hydrogen peroxide and hydrochloric acid, clay finer than 1 m following 
shaking with ammonia water, air-dry moisture content, moisture equivalent, 
sticky point, and rolling-out limit, were made with a large variety of soils. 

* Since preparation of this article there has come to our attention a paper by J. C. 
Russel, “Variations in the B Horizon” in Bui. 9, Rep. 8th Ann. Meeting American Soil 
Survey Association, pp. 100-1 12A, March, 1928. In it Russel indicated a relation between 
clay content and “plasticity number,” the latter being the difference between the “Ausroll- 
grenze” and the “Fliessgrcnze.” This is in general qualitative agreement with our results. 
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A comparison of the results for the measurement of colloid by adsorption and 
clay fractions representing different upper size limits, showed that the adsorp- 
tion method gave higher results on the whole than were obtained for a measure 
of the peroxide-hydrochloric acid dispersed clay finer than 2 m, and that the clay 
finer than 1 m constituted on the average nearly 90 per cent of the total clay 
having 2 m as the upper limit, for soils of varying clay content. The ammonia 
pretreatment yielded much lower quantities of clay finer than 1 m than did the 
peroxide-hydrochloric acid pretreatment. The results indicate that the inter- 
national method of dispersion and analysis does not permit complete expression 
of the probable colloid content of a soil, possibly because of indispersible colloid 
shells at the particle surfaces, and because of the presence of micropores, 
neither of which is taken into account by a mere expression of size distribution. 

Significantly high correlations were found to exist between the moisture 
equivalent and the sticky point, colloid and moisture equivalent, colloid and 
sticky point, moisture equivalent and non-sticky plastic range, colloid and air- 
dry moisture content, colloid and clay finer than 2m, and moisture equivalent 
and rolling-out limit, these being here arranged in descending order of their 
correlation coefficients. Correlations of a lower order were obtained for clay 
and slicky point, clay and moisture equivalent, and colloid and rolling-out 
limit. No significant correlation was found between clay and rolling-out limit. 

The utility of the relationship between the laboratory air-dry moisture con- 
tent and the colloid content by adsorption is pointed out. 

It is suggested that the sticky point and the rolling-out limit may have con- 
siderable significance in the rapid appraisal of soil moisture conditions in the 
field. A coincidence, or even an inversion, in the values of the sticky point and 
the rolling-out limit, for which the sticky point is normally the higher, may be 
expected to occur with soils having amoist ure equivalent in the neighborhood 
of 9.8 per cent. 
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Most plants get the nitrogen they require from the soil, where it is present 
in the form of nitrates, ammonium salts, or complex nitrogenous compounds. 
Ammonium salts and other nitrogenous compounds must first be oxidized to 
nitrites and nitrates before they can be utilized by the plant. It has long been 
known that ammonia and ammonium salts are oxidized in the soil to nitrites 
and nitrates. It is now universally believed that the nitrification in soils is 
due entirely to the action of bacteria. The biological character of the nitrifica- 
tion process was first indicated by Muller (12) and by Soyka (14). From the 
painstaking researches of Warington, Frankland, and Winogradsky, we now 
know that this nitrification is really due to the joint action of two organisms, 
one of which converts ammonium salts to nitrites and the other of which brings 
about the oxidation of nitrites to nitrates but has no effect on ammonium salts. 

From our experiments on the photosensitized oxidation of ammonia and 
ammonium salts in the presence of sunlight and various photosensitizers, 
w’^e are confident that the nitrification in the soil is, at least in part, photo- 
chemical in nature, taking place at the surface of various photosensitizers under 
the influence of sunlight. In the ?ibsence of sensitizers there is a noticeable, 
though very slight, oxidation [compare Dhar and Sanyal (4)]. It has been 
noted that the same reaction takes place in ultra violet light (3). Under the 
action of sunlight and in the presence of sensitizers, there is vigorous oxidation 
of ammonia and ammonium salts to nitrite. 

EXPERIMENTAL 

Titania, zinc oxide, cadmium oxide, sodium uranate, alumina, and silica 
were used as photosensitizers. They w^re prepared by precipitation from the 
aqueous solutions of the corresponding pure salts and wxre usually dried, 
ignited, and finely powdered, for freshly precipitated substances, as a rule, 
are less active than the ignited materials. 

Solutions of ammonia or ammonium salts were exposed to sunlight, with 
small quantities of the photosensitizer, and a current of air free from nitrous 
fumes was passed through the solutions, so that tlie solid photocatalysts were 
kept in suspension. Glass beakers were generally employed; and as glass 
transmits only up to 3,500 A it may be concluded that radiations of shorter 
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wave length do not take part in our reactions. In all the cases studied, there 
was no dark reaction. 

Nitrite was tested for qualitatively, by the Griess reagent and starch potas- 
sium iodide; it was estimated quantitatively, by the usual permanganate 
method. 


Influence of anions 

To study the influence of anions, 100 cc. of 0.2 N solutions of aqueous am- 
monia, ammonium carbonate, ammonium phosphate, ammonium chloride, and 
ammonium sulfate solutions were taken in separate pyrex glass beakers, to 
each of which was added 1 gm. of Merck’s zinc oxide. The solutions were then 
exposed to the sun for three hours, while a current of air was passed through 
at an approximately uniform rate. • The beakers were kept covered with glass 
plates. The resulting nitrite was estimated by the permanganate method, 
which necessitated the use of manganous sulfate whenever chloride was present. 
The results are shown in table 1. 


TABLE 1 

Influence of anions on nitrite formation 


100 cc. of 0.2 N salt solution. Time of exposure to the sun, 3 hours 


SALT SOLUTION USED 

VOLUME OP 0.025 N 
KMn04 SOLUTION 
COKRESPONOXNO TO THE 
AMOUNT OP NITRITE 
FORMED 

NH 4 OH 

CC, 

7.1 

(NH4)2C08 

3.0 

(NEWaHPOa 

2.0 

(NaisSOi 

2.4 

NH 4 CI 

2.0 



The results shown in table 1 indicate that anions do not have much influence 
on the rate of oxidation; the pH of the solution, however, seems to have a 
great influence. The pH values, therefore, of 0.2 N aqueous solutions of the 
salts listed in table 1 were determined. 


NH 40 H 

Salt solution 


PB 

(NftltCO, 



8.1 

(NH4),S04 



6.9 

(NH.),HP04 



8.0 

(NH4)C1 



6:9 


On the whole, acidity seems to decrease the rate of oxidation and basicity to 
increase it; though an exception to this rule is noticed in the case of ammonium 
phosphate, which requires further investigation. 
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Comparative experiments in glass and quartz vessels 

The rate of oxidation is greater in a quartz vessel tlian in a glass one. The 
nitrite formed from 100 cc. of 0.2 N aqueous ammonia exposed in a glass beaker 
for three hours corresponds to 7.1 cc. of 0.025 N KMn04, whereas the nitrite 
formed from the same volume of NH4OH exposed in a quartz beaker for the 
same length of time, both containing 1 gm. of ZnO, required 11 cc. of the 
same KMn04. This fact can be easily explained as follows: Zinc oxide 
shows marked absorption in the blue, violet, and ultra-violet regions of the 
spectrum. In sunlight, at least in tropical countries, the ultra-violet region 
extends to 2,90() A. When the experiment is carried on in a glass vessel only 
radiation up to 3,500 A can be utilized, because glass does not transmit beyond 
this region, whereas in a quartz vessel all the radiations in the solar spectrum 
up to 2,900 A can be utilized. Evidently more of the solar energy is utilized 
in a quartz vessel than in a glass vessel; and hence the greater rapidity of 
the reaction. 

The accumulation of nitrite seems to have little or no influence on the rate 
of oxidation of ammonia. 

Comparative activities of the various photosensitizers 

Semi-quantitative experiments, the results of which are not recorded here, 
indicate the following order for the photosensitizing activity of the various 
substances: 


Ti02 > ZnO, CdO > (Nas UA) > AlA > MgO, SiO, 

we hope to be able to elucidate the var}.dng activities of these substances from 
a study of their absorption spectra. 

Mechanism of the oxidation 

According to Winther (14) oxygen can be ozonized in the presence of zinc 
oxide by irradiation with light of wave lengths which have no action on oxygen 
alone. We have found that, when a suspension of zinc oxide in water is exposed 
to sunlight, ozone and hydrogen peroxide are formed. It is known that ozone 
interacts with ammonia or ammonium salts according to the equation 

NH4OH -I- Os * HNO2 -f 2 H2O 

and tlie nitrous acid interacts with ammonia giving ammonium nitrite 
HNO2 + NH4OH « (NH4)NOs + HsO 

DISCUSSION 

These experiments on the photochemical oxidation of ammonia and am- 
monium compounds to nitrite are remarkably interesting from the point of 
view of the nitrification in soils. Hitherto it has been believed that the nitrifi- 
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cation is entirely due to bacteria. We are now convinced that it is, at least in 
part, photochemical in nature, taking place at the surface of various soil 
photocatalysts, which absorb the solar radiations. There are some important 
facts of the nitrification process which do not fit in with the bacterial hypothesis. 
The present hypothesis not only accounts for these facts, unexplainable by the 
older h^'pothesis, but it is also in line with other facts of the nitrification in soils. 

The following are some of the important facts unexplainable on the bacterial 
hypothesis 

Omcliansky (13) and Meyerhof (11) have shown that for the bacterial nitrification process 
a high concentration of ammonia or nitrite is harmful — the optimum concentration is about 
0.05 per cent with a second optimum at 0.1 per cent. More than 0.3 per cent interferes with 
the process. In the so-called niter-spots, a high concentration of nitrite and nitrate, as 
much as 5 per cent of the bulk of the ^oil, has been noticed. The biological explanation 
cannot be entirely sufficient for the accumulation of nitrites and nitrates, for the high con- 
centration of nitrite and nitrate formed should preclude the action of nitrifying organisms in 
the later stages. 

The researches of Traaen (IS) McBeth and Smith (10) and Lyon, et al. (8) have .shown 
that the nature of the soil also influences the nitrification. 

A periodic variation of the nitrite and nitrate content of soils has been noticed by several 
workers [Compare Batham, (1) ]. The nitrite and nitrate content of soils rises to a maximum 
in the summer and falls to a minimum in the winter. These results are explained by some as 
being due to the activating influence of the sun on the nitrifying bacteria. How far this is 
true cannot be said with certainty at present, but our photochemical hypothesis offers a 
ready explanation of this phenomenon. 

The preceding facts can be explained as follows: 

We have shown that the oxidation of anunonium compounds to nitrite takes place at the 
surface of various oxides, c.g. titania, zinc oxide, cadmium oxide, alumina, and silica in the 
presence of sunlight. We have also shown that the accumulated nitrite has no influence on 
the rate of oxidation of ammonium compounds. In the soil, alumina and silica and also 
titania, undoubtedly occur. The photochemical hypothesis thus sets no limit to the amount 
of nitrite that can be formed. As' such, the accumulation of nitrites and nitrates in large 
amounts in the nitrite spots is explained. 

The influence of soils and the varying activity of different soils also find a ready explana- 
tion by this hypothesis. All soils contain alumina and silica; all soils are therefore more or 
less active in the nitrification process. It has been found that titanium, zinc, and cadmium 
oxides are very efficient photocatalysts for the nitrification process and are far more active 
than alumina and silica. Therefore, if the soil contains in addition to alumina and silica, 
titania or zinc and cadmium oxides or some other efficient photocatalyst as yet undiscovered, 
it will be very active in the nitrification process and hence very fertile. In consonance with 
this presumption, it has been recorded by Geilman (5) that most fertile soils contain titania in 
quantities as large as 0.3 to 0.6 per cent. It also occurs in the ashes of all plants up to 0.27 
per cent. According to the same worker, the fertility of the soil depends to some extent on 
the titanium content of the soil. 

The observations made in the present investigation that basicity favors the 
photochemical oxidation and that acidity is harmful are in agreement with 
similar observations on the nitrification process in the soil made by various 
workers [Compare Lyon and Bizzel (8)]. 
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Besides the evidence so far adduced in favour of the photochemical hypo- 
thesis, the following also may be mentioned. St. von Bazarewsky (2), Koch 
(7), and Lyon and his coworkers (9) have found that the nitrification process is 
most active near the surface of the soil. This observation forms a necessary 
deduction from our photochemical hypothesis, for most the of light falling is 
absorbed by the outermost layers of the soil and little is allowed to pass through. 
As light is essential for the photochemical nitrification, it is but natural that 
there is the greatest oxidation where there is the maximum absorption of 
radiant energy. 


SUMMARY 

Oxidation of ammonia and its compounds in solution to nitrite has been 
effected by sunlight in the presence of photosensitizers. The velocity of 
oxidation is greater in quartz vessels than in glass vessels. 

The various photosensitizers fall into the following order with respect to 
their activity; 


TiOj > 2nO, CdO > N &2 U2O7 > AI2O3 > SiOz 

Basicity favors the oxidation, and acidity decreases the velocity of oxidation. 
On the basis of the foregoing experiments, a new mechanism for the nitrifica- 
tion in soils has been suggested. We believe that the nitrification in soils is, at 
least in part, photochemical in nature, taking place at the surface of various 
photocatalysts present in the soil under the influence of sunlight. 

The bacterial explanation of the soil nitrification process has been shown to 
be inadequate. Facts which do not fit in with this hypothesis, have been shown 
to be explicable on the photochemical hypothesis. We believe that the bac- 
terial and photochemical processes take place side by side. 

Further work is in progress in this line. 
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During the past few years there have been many investigations of the phys- 
iological activities of the legume bacteria in the attempt to gain a better under- 
standing of their species relationships and nitrogen fixing activities. Although 
much has been learned of the physiology of these organisms there are still many 
phases of their activity which need further study. 

Changes in the nitrogenous compounds in media in which the legume bac- 
teria have been grown have been noted by certain investigators. Hills (5) and 
Allison (1) noted the disappearance of nitrates in solutions inoculated with 
certain species of Rhizobium. Lewis and Nicholson (7) found a utilization of 
nitrates, accompanied by the production of nitrites by certain strains of Rhizo- 
bium meliloti and Rhizobium japonicum. The production of nitrites was also 
noted by Leonard (6). 

Many investigators found a more vigorous growth in media containing com- 
bined nitrogen, but did not determine to what extent the utilization of nitrogen 
w’as responsible for the increased growth, ]\ [tiller and Stapp (8) found that 
potassium nitrate, sodium nitrate, ammonium chloride, ammonium sulfate, 
ammonium nitrate, asparagine, aspartic acid, and uric acid served as suitable 
sources of nitrogen for the legume bacteria. Urea was found to be somewhat 
suitable as a nitrogen source, alanine and leucine were suitable for certain 
grouj>s, and glycocoll and hippuric acid did not serve as suitable nitrogen sour- 
ces for the legume bacteria. These authors also noted that the legume bac- 
teria produced a proteolj’^tic enzyme having a weak action. The presence of an 
oxidizing enzyme having a weak action was noted by Fred (4) but he was unable 
to demonstrate either invertase or proteolytic reducing enzymes. 

The recent work of Baldwin, Fred, and Hastings (2) suggested that there ma}'^ 
be a relationship between the various species of the legume bacteria and the 
proteins present in the seeds of leguminous plants. It seems then, that a study 

* Part of a thesis submitted in partial fulfillment of the requirements of the degree of 
doctor of philosophy at the Iowa State College. 

The writer takes this opportunity to thank Dr. P. E. Brown for his helpful suggestions in 
planning the experimental work and in the preparation of the manuscript, and Dr. R. H. 
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of the changes brought about by the legume bacteria in media containing nitro- 
gen may have some significance. The results of investigation along this line 
are reported here. 


EXPERIMENTAL 

In the first experiments an attempt was made to determine whether there 
was a difference in the nitrogen changes produced by Rhizohiutn meliloii and 
Rhizobium japonicum. Since no nitrogen was fixed in earlier experiments, 
compounds containing nitrogen were added in all of these tests. The basic 
medium consisted of 


Mannitol . . . 

K2HP()4 

MgS04 .... 

NaCl 

CaCOa 

FeCla 

MnS04 

Distilled water 


10 0 gm. 
0 5 gm. 
0 . 2 gm. 
0 2 gm. 
3 . 0 gm. 
T'race 
Trace 
1,000 cc. 


The compounds tested were glycocoll, asparagine, tyrosine, peptone, and urea. 
With the exception of peptone and urea these were added at the rate of 0.5 gm. 
to a liter of solution. Urea was added at the rate of 2 gm. a liter and peptone 
at the rate of 1 gm. a liter. After the reaction of the media had been adjusted 
to pH 7.0, 100-cc. portions were placed in 500-cc. Erlenmeyer flasks, sterilized, 
and duplicate flasks inoculated as follows — 

107. Rhizobium meliloti 

112. Rhizobium meliloti 

406. Rhizobium ja ponicum 

407. Rhizobium japonicum 

These organisms had previously been tested for ability to produce nodules 
on the host plant and for purity in milk and on potato slants. After three 
weeks incubation at room temperature the solutions were analyzed for total 
nitrogen, ammonia, nitrates, nitrites, and amirio acid nitrogen. The methods 
used were as follows: 


Total nitrogen. The determination of total nitrogen was made on a 2.S-cc. aliquot from 
each of the solutions. A modified Kjeldahl method was used in which a salt mixture contain- 
ing sodium sulfate, copper sulfate, and ferrous sulfate was added to hasten digestion. In the 
solutions which contained nitrates or nitrites in measurable amounts the method of Davisson 
and Parsons (3) was used. 

Ammonia. An aeration method was used for the determination of ammonia. Twenty- 
five cubic centimeters of the sample was placed in a large test tube, 0.5 gm. of sodium carbon- 
ate added, and the solution aerated. The ammonia was collected in 0.1 N sulfuric acid and 
titrated. 

Nitrites. The test for nitrites* was made according to the sulfanilic acid-alpha-naphthyl- 
amine method. 
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Nitrates. Nitrates were determined on the same sample used for the nitrite determination. 
A small amount of zinc dust was added to reduce the nitrates to nitrites, which could then be 
detected by the aforementioned reagents. 

Amino acids. The Sorenson formol titration method was used for the determination of 
amino acids. For this determination, 25 cc. of the sample was taken. The amino acid 
utilized was obtained by subtracting the sum of the ammonia produced and the amino acid 
remaining from the amino nitrogen present in the check solutions. 

These determinations were carried out as rapidly as possible in order to prevent any change 
due to contamination after the solutions had been exjjosed to the laboratory air. 

The results obtained in the study of the changes produced in glycocoll appear 
in table 1. Both strains of Rhizobium meliloti utilized this amino acid. Part 
of the loss of amino acid nitrogen can be accounted for by the ammonia 
produced, but some of it was apparently utilized by these organisms in the 

TABLE i 

Nitrogen changes produced by Rhizobium meliloti and Rhizobium japonic um in a solution 
containing 0.5 gm. of glycocoll to a liter 
(Results expressed in milligram nitrogen to 100 cc of solution) 


ORGANISM 

AMMONIA 

AMINO ACil> TOTAL 

AMINO ACID i:tili2i:d 

rOT \T. NITROGEN 

Check 

0 28 

9.24 

None 

8 68 

Check 

0 56 

8 96 

None 

8 96 

107 

4.48 

3 36 

1 68 

9.52 

107 

4.20 

2 80 

2 52 

9.52 

112 

6 16 

0 56 

2 80 

9 80 

112 

6 16 

0 84 

2 52 

8.96 

406 

0 56 

8 68 

0 28 

9 80 

406 

0.28 

9 24 

-0 14 

9.52 

407 

0 28 

9 24 

~0 14 

8 96 

407 1 

0 28 

9 24 

-0.14 

9 52 


building up of their protein. The solutions inoculated with the two strains of 
Rhizobium japonicum did not show any evidence of growth during the period. 
Apparently the glycocoll was toxic to them in this concentration. 

The variations in total nitrogen were within the limit of experimental error. 
They do show, however, that no appreciable amounts of nitrogen were gained 
or lost from the solutions during the period of incubation. Qualitative tests 
show^ed only traces of nitrites in the check solutions and in the solutions inocu- 
lated with organisms 1 12, 406, and 407. The small amount of nitrite present 
had apparently been utilized by organism 107. No nitrates were found in any 
of the solutions. 

The changes in urea are shown in table 2. Some ammonia was produced by 
all of the organisms tested, but there was no significant difference between the 
two species. The loss of nitrogen found in some of the solutions was probably 
due to a loss of ammonia, as all of the organisms tested made this medium more 
alkaline. Nitrites and nitrates were absent from all of the cultures. No am- 
ino acid nitrogen could be detected in any of the solutions. 
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Table 3 shows the changes produced in asparagine. The production of am- 
monia and the decrease in amino acid nitrogen were much greater by the one 
strain of soybean bacteria than by the alfalfa bacteria. The Sorenson formol 
titration method was apparently not well suited for the determination of amino 
acid nitrogen in asparagine, but the results were at least comparative. In as- 

TABLE 2 

Nitrogen changes produced hy Rhizohium meliloU and Rhizohium japonicum in a solution 
containing 2,0 gm, of urea to a liter 


(Results expressed as milligram nitrogen to 100 cc. of solution) 


ORGANISM 

AMMONIA 

AMINO ACID TOTAL 

TOTAL NITROGEN 


6.16 

None 

95.8 


5.88 

None 

95 5 


9.80 

None 

89.1 

107 

9.80 

None 

88 5 

112 

17.91 

None 

96.4 

112 

17.63 

None 

94.0 

406 

9.80 

None 

90.5 

406 

9.80 

None 

89.8 

407 

11.20 

None 

90.5 

407 

10.92 

None 

90 5 

1 


TABLE 3 

Nitrogen changes produced hy Rhizohium meliloti and Rhizohium japonicum in a solution 
containing 0.5 gm. of asparagine to a liter 


(Results expressed as milligram nitrogen to 100 cc. of solution) 


ORGANISM 

AMMONIA 

AMINO ACID TOTAL 

AMINO ACID CHANGED* 

TOTAL NITROGEN 

Check 

Trace 

4.76 

0 

11 20 

Check 

Trace 

4.76 

0 

10.58 

107 

2.52 

3.08 

1.68 

11.06 

107 


2.52 

2.24 

10.92 

112 

2.52 

3.08 

1.68 

11.34 

112t 


.... 



406t 



.... 


406t 


.... 



407 

6.16 

0.00 

4.76 

10.36 

407 

6.16 

0.00 

4.76 

10.36 


* Represents difference between total amino acid in check and inoculated solutions, 
t Culture contaminated. 


paragine one-half of the nitrogen is present in an amino group and the other 
half in an amido group. The determination did not show which of these 
groups was changed, but apparently both were acted upon by Rhizobiumjapo- 
nkum since the amount of nitrogen changed to ammonia was greater than the 
amount of nitrogen present as either amino or amido nitrogen. It is probable 
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also that the two strains of Rhizohium meliloti changed some of the nitrogen 
present in both groups. There was no significant change in the total nitrogen 
content of any of the solutions, and no nitrates or nitrites were produced in 
this medium. 

The changes produced in tyrosine are shown in table 4. Although there ap- 
peared to be a slight utilization of this amino acid there was no apparent differ- 

TABLE 4 

Nitrogen changes produced by Rhizobium meliloti and Rhizohium japonicum in a solution 
containing 0.5 gm. of 1-tyrosine to a liter 
(Results expressed as milligram nitrogen to 100 cc. of solution) 


OUCANISM 

AMMONIA 

AMINO ACID TOTAL 

AMINO AaD UTILIZED 

TOTAL NITROGEN 

Check 

None 

2 80 

None 


Check 

None 

2.80 

None 


107 

None 

2.22 

0.58 


107 

None 

1.68 

1.12 


112 

112 

None 

None 

1.96 

1.96 

0.84 

0.84 

Not determined 

406 

None 

1.96 

0.84 


406 

None 

1.96 

' 0.84 


407 

None 

1.96 

0.84 


407 

None 

1.96 

0.84 



TABLE 5 

Nitrogen changes produced by Rhizohium meliloti and Rhizobium japonicum in a solution 
containing t.O gm. of peptone to a liter 
(Results expressed as milligram nitrogen to 100 cc. of solution) 


OBCAND>M 

AMMONIA 

AMINO ACID total 

AMINO ACID UTILIZED 

TOIAL NITROGEN 

Check 

None 

0 84 

None 

7.28 

Check 

None 

0 84 

None 

7.28 

107 

None 

0.42 

0.42 

7.84 

107 

None 

0.56 

0.28 

7.84 

112 

None 

0.28 

0.56 

7.28 

112* 



1 


406 

None 

Lost 

Lost 

7.84 

406 

None 

0.56 

0.28 

7.84 

407 

None 

0.56 

0.28 

7.56 

407 

* None 

0.56 

0.28 

7.84 


* Culture contaminated. 


ence in the ability of the two species to utilize tyrosine. No ammonia, nitrates 
or nitrites could be detected in any of the solutions. An interesting difference 
in the color of the solutions was noted. The check solutions were clear and 
colorless, those inoculated with the organisms 107 and 112 were golden brown, 
and those inoculated with 406 and 407 were a very dark brown. An explana- 
tion of the differences in colors produced is given later. 
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Table 5 shows the nitrogen changes which were brought about in a peptone 
solution. A small amount of amino acid nitrogen was measured by the formol 
titration method, part of which was utilized by the organisms tested. No am- 
monia, nitrates, or nitrites were produced in the medium. There was no ap- 
preciable increase or decrease in the total nitrogen content of the solutions. 

In view of the differences found in the changes in the nitrogenous compounds 
tested in the foregoing experiments it was decided to carry out further tests, 
using different strains of the same two species of bacteria, and including a study 
of still other nitrogenous compounds. The organisms used were the following: 


113. Rhizobhim meliloti 

130. Rhizohiunt meliloti 

131. Rhizobium meliloti 

132. Rhizobium meliloti 

133. Rhizobium meliloti 

413. Rhizobium japonicum 

414. Rhizobium japonic um 

415. Rhizobium japonicum 

416. Rhizobium japonicum 


Type A strain 
I'ype 1^ strain 
T>T)e B strain 

T 5 ^>c a strain 
I'ypc B strain 
T>t)c B strain 
'lype A strain 


The four strains of Rhizobium meliloti (strains 130, 131, 132, and 133) and the 
four strains of Rhizobium japonicum (strains 413, 414, 415, and 416)^ had pre- 
viously been divided into two types as shown by Stevens (9) and Wright (11). 
The t>T)e A strains were rapid growers and fixed larger amounts of nitrogen in 
the host plant than the type B strains. Organism 113 was chosen because it 
produced a very marked increase in acidity when grown in yeast mannitol so- 
lution. Organism 133, although not classified by Stevens, appeared to be more 
like the type A strain 130 than the type B strains. 

The organisms were tested for ability to inoculate the host plant and for 
purity on milk. 

The nitrogenous compounds used in these tests included some aliphatic am- 
ino acids, some aromatic amino acids; some compounds having an amido group, 
such as asparagine and urea; and two inorganic nitrogenous compounds, am- 
monium sulfate and potassium nitrate. 

The basic medium used was the same as in the previous tests, but the amount 
of the nitrogenous compound added was increased to 1 .0 gm. to each liter. The 
incubation period was increased to five weeks. At the end of the incubation 
period yeast mannitol agar slants were inoculated with a suspension from each 
flask, and the type of growth was noted to verify the purity of the cultures at 
the end of the experiment. The species of Rhizobium tested have a charac- 
teristic type of growth on yeast mannitol agar slants which helps to differen- 
tiate them from other organisms. 

The methods of analyses were the same as were used in the previous tests, 
except that the micro Van Slyke method (10) was used for the determination of 

* Obtained through the courtesy of Dr. I. L. Baldwin of the Wisconsin Agricultural Experi- 
ment Station. 
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amino acid nitrogen. This was slightly modified by substituting the large de- 
aminizing ])ulb from the macro apparatus, thus permitting the use of a 10-cc. 
aliquot instead of the 2-cc. aliquot used in the micro method. By this change 
more accurate determinations were made possible. The determination of 
nitrates and nitrites in the solutions receiving additions of potassium nitrate 
was made by reducing the nitrates and nitrites to ammonia by means of Devar- 
da’s alloy and distilling the ammonia produced into standard acid. 

I'he changes produced in the glycocoll solution by the organisms tested are 
shown in table 6. The concentration of glycocoll used was apparently above 

TAKLE 6 

Nitrogen changes produced h\ Rhizohiiim meliloti and Rhizohium japonicum in a solution 
containing 1.0 gm. of glycocoll to a liter 


(Results expressed as milligram nitrogen to 100 cc. of solution) 


OkUANJSM 

AMAIOXIA 

AMINO ACID TOTAL 

AMINO ACrn l 11LI7FD 

j 

TO CAL NITKOGEN 

Check 

None 

21.18 

None 

20 9 

Check 

None 

21 10 

None 

23 3 

113 

None 

21 80 

-0 66 

22 1 

113* 





130 

None 

22 00 

-0 86 

22 1 

130* 






131 

None 

22 10 

-0 66 

22 4 

131 

None 

22 00 

-0 86 

22 1 

132 

None 

20 86 

0 28 

21 5 

132* 





133 

None 

21.60 

-0.46 

23 5 

133* 

413 

None 

21 08 

0 06 

23 0 

413 

None 

22 05 

-0 91 

23 8 

414 

None 

20 08 

0 16 

22.4 

414 

None 

21 40 

-0 26 

22 7 

415 

None 

21 62 

-0 48 

22 4 

415* 





416 

None 

21.30 

-0 16 

22 1 

416 

None 

21 08 

0 06 

21 5 


* Culture contaminated. 


the toxic limit of all of the organisms tested, as the solutions did not become 
turbid, and no growth was apparent. There were no changes in the nitrogen 
compounds present. 

The nitrogen changes in a solution containing dl-alanine are shown in table 
7. There was a much higher production of ammonia and a higher utilization 
of amino acid nitrogen in the solutions inoculated with the type A strain 130 
and with organism 133 than in the solutions containing the type B organisms. 
Organism 113 was intermediate in action. 

There was no change in the nitrogen present in the solutions inoculated with 
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the type A strains of Rhizobium japonicum, the organisms apparently being 
destroyed by the high concentration of alanine. The type B strains, however, 
apparently made some growth and utilized some of the amino acid nitrogen. 
Only a small amount of ammonia was produced by the type B strains. Ni- 
trates and nitrites were absent from all of the solutions. The slight variation 
in the total nitrogen content of the solutions was probably within the limit of 
experimental error. 


TABLE 7 

Nitrogen changes produced by Rhizobium meliloti and Rhizobium japonicum in a solution 
containing 1.0 gm. of dl-alanine to a liter 


(Results expressed as milligram nitrogen to 100 cc. of solution) 


OKGANISU 

AlflfONIA 

aMino acid total 

AMINO AaO UTILIZED 

TOTAL NITKOGEN 

Check 

0.56 

16.38 

None 

17.42 

Check 

0.56 

16.58 

None 

17.42 

113 

1.96 

13.26 

1.82 

16 80 

113 

2.80 

13.12 

1.12 

17.12 

130 

3.92 

9.28 

3 84 

16.96 

130 

4.76 

8.44 

3.84 

17.42 

131 

1.12 

14.84 

1.08 

17.26 

131 

1.12 

15.28 

0.64 

18 20 

132 

0 56 

16.40 

0 08 

17.62 

132 

0 56 

16.96 

-0 48 

16 80 

133 

3.92 

9.60 

3.52 

17.12 


2 80 

10 94 

3 30 

17.92 

413 

0 28 

17.10 

-0 62 

16.80 


0 28 

16.92 

-0.44 

17 42 

414 

0.84 

13.34 

2.86 

16 68 

414 

0 84 

14 28 

1.92 

16 80 

415 

0.28 

15.06 

1.42 

16 80 

415 

1.40 

13,82 

1.82 

17.92 

416 

0 28 

16.36 

0.12 

17.63 

416 

0.28 

16.88 

-0.40 

18.20 


Table 8 shows the nitrogen changes produced in dl-alpha-amino-n-butyric 
acid. The production of ammonia and the utilization of the amino acid nitro- 
gen were again much greater in the solutions inoculated with the alfalfa organ- 
isms 130 and 133. There was a very small amount of ammonia produced by 
the type B alfalfa organisms and a slightly larger amino acid utilization. The 
soybean bacteria were apparently not able to utilize this amino acid although 
one result does seem to show a slight utilization. The cultures were all free 
from nitrates. Traces of nitrites were present in the check solutions but no 
nitrites could be detected in any of the inoculated solutions. The variations 
in the total nitrogen content were too small to be of significance. 

The changes in dl-valine are shown in table 9. The results obtained with 
both species of Rhizobium were variable and did not show any appreciable util- 







' TABLE 8 

Nitrogen changes produced hy Rhizobium mdiloti and Rhizohium japonicum in a solution 
containing 1.0 gm. of dl^amino-n-butyric acid to a liter 


(Results expressed as milligram nitrogen to 100 cc. of solution) 


OAOANISM 

AUMONIA 

i 

AinKO ACID TOTAL 

AMINO ACID UTILIZED 

TOTAL NITAOGXM 

Check 

None 

14.68 ! 

None 

14.85 

Check 

None 

14.68 

None 

15.12 

113 

0.56 

6.76 

7.36 

15.40 

113 

0.56 

13.58 

0..S4 

15.12 

130 

1.12 

11.48 

2.08 

15.68 

130* 





131 

0.56 

13.21 

0.91 

15.68 

131* 





132 

0.28 

13.20 

1.20 

14.57 

132 

0 28 

13.25 

1.15 

14.85 

133 

2 80 

8.23 

3.65 

15.12 

133 

3.08 

7.79 

3.81 

16.53 

413 

None 

14.54 

0.14 

15.68 

413* 





414 

None 

14.65 

0.03 

14.57 

414 

0.28 

13.67 

0.73 

15.12 

415 

None 

14.80 

0.12 

15.96 

415* 





416 

i None 

14.65 

0.03 

14.28 

416* 

1 


! 



' Culture contaminated. 

TABLE> 

Nitrogen changes produced by Rhizohium meliloti and Rhizobium japonicum in a solution 
containing 1.0 gm. of dUvalinc to a liter 


(Results expressed as milligram nitrogen to 100 cc. of solution) 


organism: 

AMMONIA 

AMINO ACID TOTAL 

AMINO ACID iniLlZKO 

TOTAL NITROGEN 

Check 

0,28 

13.31 

None 

12.60 

Check 

0.28 

13 42 

None 

13.16 

113 

0.28 

13.57 

! -0.21 

12.05 

113* 





130 

0.56 

12.82 

0.26 

12.60 

130 

0.56 

12.86 

0.22 

13.16 

131 

0.28 

13.57 

-0.21 

13.44 

131* 





132 

0 28 

13.00 

0.36 

13.72 

132 

0 28 

12.96 

0.40 

13.44 

133 

0.56 

12.99 

0.09 

14.56 

133 

0.28 

1 13.17 

0.19 

lyOSt 

413 

0.28 

13.57 

-0.21 

14.56 

413* 





414 

0.28 

13.57 

-0.21 

13.72 

414 

0.28 

13.68 

-0.32 

13.16 

415 

0.28 

13.31 

0.05 

13.44 

415 

0.28 

13.21 

0.15 

14.56 

416 

416* 

0.28 

13.14 

0.22 

14.28 


* Culture contaminated. 
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ization of amino acid nitrogen nor any production of ammonia. The slight 
increase in total nitrogen in many of the inoculated solutions was not significant. 
There were no nitrates nor nitrites present in any of the solutions. 

The nitrogen changes brought about in a solution containing d-glutamic acid 
are shown in table 10. Although there was no ammonia present in any of the 
cultures after the S-week incubation period there was an appreciable utilization 
of the amino acid nitrogen in all of the tests. This was small in the solutions 
inoculated with Rhizohium meliloti^ and there was no difference between the 
various strains of organisms in this species. The utilization was slightly 

TABLE 10 


Nitrogen changes produced by Rhizohium meliloU and Rhizohium japonicum in a solution 
containing 1.0 gm. of d~glutamic acid to a liter 
(Results expressed as milligram nitrogen to 100 cc. of solution) 


ORGANISM 

AMMONIA 

AMINO ACID TOTAL 

AMINO AOX) UTILIZED 

TOTAL NITROGEN 


None 

10.42 

None 

10.08 


None 


None 

10.08 

_gii_ 

None 

0.44 

0.84 

11.48 

113 

None 

0 82 


10.08 


None 

9.71 


10.63 






131 

None 

9.46 


10.92 

131 

None 

9 36 


10 08 

132 

None 

9.19 


10.6.1 


None 

9.19 

1.09 

10.15 

133 

None 

9.41 

0.87 

11 54 

133 

None 

9 25 


10.50 

413 

None 

8 77 

1.51 

10 08 

413 

None 

8.56 

1.72 

10 63 

414 

None 

0.26 


10.63 

414 

None 

Lost 

Ix>st 

10.36 

415 

None 


9.75 

12.88 

415 

! None 


9.59 

10.92 

416 

! None 

8.82 

1.46 

9.52 

416* 






* Culture contaminated. 


greater by the type A strains of Rhizobium japonicum^ and very much greater 
by organisms 414 and 415, which are type B strains. These latter had utilized 
nearly all of the amino acid nitrogen. Qualitative tests showed small amounts 
of nitrites in the check solutions, but none in any of the inoculated solutions, 
indicating a utilization of the small amount present. Nitrates were not found 
in any of the solutions. The total nitrogen determinations showed no appre- 
ciable gain or loss in the nitrogen content during the incubation period. 

Table 11 shows the nitfogen changes produced in 1-cystine solution. In or- 
der to provide a solution of cystine having the desired concentration it was 
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necessary to add hydrochloric acid to the medium, thus producing a salt which 
was readily soluble. Suflficient sodium hydroxide was then added to bring the 
reaction up to a pH of 7.0. There was apparently a small amount of ammonia 
in the reagents which was utilized by most of the organisms. Although the 
Van Slyke determination did not measure all of the amino acid nitrogen it was 
apparent that some amino nitrogen was utilized by all of the cultures tested, 
the amounts varying more widely within the species than between the two 
species tested. Of the solutions inoculated with Rhizobium meliloti the one in 
which culture 130 (the type A strain) was growing showed a greater utilization 

TABLE 11 

Nitrogen changes prodiiced by Rhizobium meliloti afid Rhizobium japonicum in a solution 
containing 1.0 gm. of l-cystine to a liter 


(Results expressed as milligram nitrogen to 100 cc. of solution) 


OKGANIS&I 

AUMONT\ 

AUINO ACID TOTAL 

AMIMO ACID UTILIZED 

Tf>TAL NITROGEN 

Check 

0.56 

6.88 

None 

9.52 

Check 

0 84 

6 54 

None 

11.21 

113 

None 

6.06 

1 0.65 

10.37 

113 

None 

5.94 

0.77 

1 10.37 

130 

None 

3.64 

3.07 

12.32 

130* 





131 

None 

5 77 

0.94 

10 64 

131 

0 56 

5 27 

1.44 

9.52 

132 

None 

5 93 

0.78 

11.77 

132 

None 

6,04 

0 67 

11.21 

133 

None 

6.12 

0 59 

11.21 

133 

None 

6 12 

0.59 

11.77 

413 

None 

5 .^7 1 

1 34 

11 64 

413 

None 

5.26 

1 45 

8.41 

414 

0 56 

3 62 

3 09 

11.49 

414 

0 28 

3 86 

2 85 

10 09 

415 

None 

4 57 

2 14 

8.69 

415 

None 

4 67 

2 04 

9 25 

416 

None 

5.16 

1 55 

Lost 

416 

None 

5.74 

0.97 

10 09 


* Culture contaminated. 


of amino acid nitrogen than those containing the type B strains. Organisms 
113 and 133 utilized about the same amount of amino nitrogen as the type B 
strains. 

In the solutions inoculated with Rhizobium japonicum the reverse was true, 
the type B strains utilizing more than the type A strains, but the differences 
between these two were not large. The differences in the total nitrogen content 
were of little significance. Nitrates were not present in any of the solutions. 
Traces of nitrites were found only in the check solutions, the small amount pres- 
ent evidently being utilized in the inoculated solutions. 
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The nitrogen changes in 1- tyrosine solution are given in table 12. There was 
no ammonia present in any of the solutions at the end of the 5-week incubation 
period. The amino nitrogen utilized varied from 0.60 mgm. in culture 113 to 
2.73 mgm. in culture 416. The color of the solutions at the end of the incuba- 
tion period were found to be much the same as in the previous test with tyro- 
sine, except that the two strains of soybean bacteria 414 and 415 did not cause 
any change in the color of the medium. The amount of growth seemed to be 
much greater in the solutions inoculated with 414 and 415 than in any of the 
others, but the utilization of amino acid nitrogen was less than in the other 

TABLE 12 


Nitrogen changes produced by Rhizobium meliloti and Rkizobium japonicum in a solution 
cofttaining 1,0 gm, of Utyrosine to a liter 
(Results expressed as milligram nitrogen to 100 cc. of solution) 


ORGANISU 

AMMONIA 

AMINO ACID TOTAL 

AMINO ACID UTIUZED 

TOTAL NITSOGEN 

Check 

None 

8.17 

None 

9.10 

Check 

None 

8.69 

None 

10.08 

113 

None 

7.83 

0.60 

7.74 

113 

None 

7.40 

1.03 

8.68 

130 

None 


1.23 

8.40 

130 

None 

7.42 

1.01 

8.96 

131 

None 

6.22 

2.21 

8.96 

131 

None 


2.42 

8.68 

132 

None 

6.05 

2.38 

9.52 

132 

None 

5.84 

2.59 

10.08 

133 

None 

6.86 

1.57 

8.40 

133 

None 

7.10 

1.33 

8.96 

413 

None 

5.82 

2.61 

8.68 

413 

None 

5 88 

2.55 

7.74 

414 

None 

6 31 

2 12 

7.74 

414 

None , 

6.58 

1.85 

7.56 

415 

None 

6.90 

1.53 

7.56 

415 

None 

6 94 

1.49 

8.96 

416 

None 

5.79 

2 64 

7.28 

416 

None 

5.70 

2.73 

7.28 


strains of soybean organisms, and only slightly higher than in the solutions in- 
oculated with the type A alfalfa organisms. Apparently the production of 
color was not dependent upon the utilization of amino acid nitrogen, but rather 
was the result of enzyme action. There were no nitrates present in any of the 
solutions, and the differences in the total nitrogen content, although usually 
showing a slight loss in nitrogen present, were not of any great importance. 
Nitrites were present in small amounts in the check solutions but had entirely 
disappeared from the inoculated media. 

The changes produced in dl-phenylalanine are shown in table 13. The 
amounts of amino acid nitrogen utilized varied from —0.03 mgm. to 1.06 mgm. 









TABLE 13 

Nitrogen changes proditced by Rhizobiutn meliloti and Rhizohium japonicum in a solution 
containing 1.0 gm. of dl-phenylalanine to a liter 


(Results expressed as milligram nitrogen to 100 cc. of solution) 


OSGANXSM 

AMMONIA 

AUINO ACID TOTAL 

AMINO ACID OTILI2ED 

TOTAL NITROGEN 

Check 

None 

9.25 

None 

9.96 

Check 

None 

9.30 

None 

9.96 

113 

None 

8.92 

0.35 

9.96 

113 

None 

9.25 

0 02 

9.80 

130 

None 

8.98 

0 29 

10.90 

130 

None 

8.98 

0 29 

9.96 

131 

None 

9 14 

0 13 

10 27 

131 

None 

9.30 

-0.03 

10.58 

132 

None 

9 25 

0.02 

9.34 

132* 

133 

None 

8.21 

1 .06 

9.80 

133 

None 

8.85 

0.42 

9.50 

413 1 

None 

9.28 

-0 01 

9 65 

413 

None 

8.64 

0.63 

9.96 

414 

None 

8.48 

0.79 

9.25 

414* 

415 

None 

9.30 

-0 03 

9.65 

415 

None 

9.20 

0.07 

10.27 

416 

None 

9 02 

0.25 

9.25 

416 

None 

8.87 

0.40 

10.12 


* Culture contaminated. 


TABLE 14 

Nitrogen changes produced by Rhizobiutn meliloti and Rhizohium japonicum in a solution 
containing 1.0 gm. of p-amino benzoic acid to a liter 


(Results expressed as milligram nitrogen to 100 cc. of solution) 


OKGANISM 

AMMONIA 

AMINO ACID TOTAL 

TOTAL NITROGEN 

Check 

None 


10 36 

Check 

None 


10 08 

113 

None 


10.08 

113 

None 


10 56 

130 

None 


10 92 

130 

None 


10.08 

131 

None 


9.80 

131 

None 


9.24 

132 

None 


10 36 

132 

None 

Not determined 

10 08 

133 

None 


10 64 

133 

None 


9.52 

413 

None 


10.64 

413 

None 


9.80 

414 

None 


9.52 

414 

None 


9 52 

415 

None 


8.96 

415 

None 


9.52 

416 

None 


9.52 

416 

None 


9.80 


397 







398 


GEORGE GORDON POHLMAN 


There did not seem to be any consistant relationship between the organism and 
the amount of amino acid nitrogen utilized. No ammonia, nitrates, or nitrites 
were found in any of the solutions. The variations in the total nitrogen con- 
tent were within the experimental error. 

The results obtained with p-amino benzoic acid are shown in table 14. Nei- 
ther Khizobium meliloti nor Rhizohium japonicum was able to produce any 
ammonia from this amino acid. The determination of the amount of amino 
nitrogen could not be made by the Van Slyke method as the amino group in 
positions other than on the alpha carbon atom reacts very slowly. No nitrates 

TABLE IS 

Nitrogen changes produced by Rhizohium meliloti and Khizobium japonicum in a solution 
containing 1.0 gm. of asparagjne to a liter 


(Results expressed as milligram nitrogen to 100 cc. of solution) 


oncANisu: 

AMMONIA 

TOTAL NTTHOOEN 

Check 

0.56 

23.50 

Check 

0.56 

23.50 

113 

3.92 

24.06 

113 

3.92 

23.24 

130 

4.48 

23.50 

130 

4.20 

24.06 

131 

2.80 

23 80 

131 

4.76 

23.50 

132 

4.48 

24.06 

132 

4,48 

23.24 

133 

3.36 

23 80 

133 

2.80 

1 23.80 

413 

1.96 

24.50 

413 

2.52 

22.96 

414 

10.92 

18 75 

414 

10 36 

19.22 

415 

10.36 

18 48 

415 

5.60 

17.92 

416 

3.36 

24.64 

416 

2.80 

24.06 


nor nitrites were present. The variations in the total nitrogen content of the 
solutions, although seeming to indicate the loss of small amounts of nitrogen 
from the inoculated solutions, were small. The four solutions containing the 
type B strains of soybean bacteria (414 and 415) showed a dark brown to black 
color at the end of the incubation period. This was even darker than the 
color produced in tyrosine by the type A strains of Rhizobium japonicum. 

Table 15 shows the changes in asparagine caused by Rhizobium meliloti and 
Rhizobium japonicum. There was a marked production of ammonia by all of 
the organisms tested, the greatest production occurring in the solutions inocu- 
lated with the type B strains of soybean organisms. The results of the amino 
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acid determinations were not included in the tables because the tests were made 
before the removal of the ammonia, and include a part of it. They did show in 
all cases a slight increase in the amount determined as a result of inoculation, 
indicating that some of the ammonia measured must have been produced from 
the amido group. There was little difference in the production of ammonia by 
the alfalfa bacteria tested or by the type A strains of soybean bacteria. How- 
ever, the amount of ammonia produced by the type B strains of Rhizohium 
japonicum was much greater than by any of the other organisms tested. The 
loss of ammonia probably was the cause of the decrease in the total nitrogen 

TABLE 16 

I^itrogen changes produced hy Rhizohium nteliloti and Rhizohium japonicum in a solution 
containing 1.0 gm. of urea to a liter 


(Results expressed as milligram nitrogen to 100 cc. of solution) 


ORGANI*^M 

AMMONIA 

AMINO ACrn TOTAL 

TOTAL NITKOGFN 

Check 

4 20 


51.8 

Check 

3 92 


50 9 

113 

16 23 


22 6 

113 

16 80 


21 0 

130 

17 08 


24.6 

130 

18 20 


22 1 

131 

13 17 


21.0 

131 

15 12 


26.8 

132 

7 78 


22 7 

132* 


Kot detenuined 


133 

6 44 


21 8 

133 

6 44 


30 0 

413 

6.16 


42 0 

413 

5 88 


42.5 

414 

4 76 


41.7 

414 

4.76 


41.7 

415 

5 03 


35 8 

415 

Lost 


35 2 

416 1 

4 76 


38.4 

416 

4.48 

1 

40 3 


Culture contaminated. 


content in the solutions inoculated with cultures 414 and 415. Nitrates and 
nitrites were absent from all of the solutions. 

The nitrogen changes in a solution containing urea are shown in table 16. 
The production of ammonia, although significant in all of the tests, was much 
greater in the solutions inoculated with strains 113, 130, and 131 of Rhizobium 
meliloti. Amino nitrogen was not determined. There was a significant loss 
of nitrogen in all of the inoculated solutions, probably due to a loss of ammo- 
nia. This loss was much greater in the solutions inoculated with the alfalfa 
bacteria. 
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Table 17 shows the changes produced in a solution containing ammonium 
sulfate. A small amount of ammonia was utilized by all of the organisms, the 
amount varying considerably. Usually the amount utilized was small, often 
less than the amount of nitrogen utilized by the same organisms grown in amino 
acid solutions. There was no significant difference in the utilization by the 
two species nor by the different types within the species. The determination 
of total nitrogen did not show any marked change in the nitrogen content of 
the inoculated solutions. Nitrates and nitrites were not found in any of the 
solutions. 


TABLE 17 

Nitrogen changes produced by Rhizobium meliloti and Rhizohium japonicum in a solution 
containing LO gm, of ammonium sulfate to a liter 


(Results expressed as milligram nitrogen to 100 cc. of solution) 


organism 

AMMONIA 

AMMONIA UTIUZED 

TOTAL NITROGEN 

Check 

21.20 

■mi 


Check 

21.20 


21.32 

113 

20 17 

1.03 

21.82 

113 

5.60 

15.60 

21,26 

130 

19.22 

1.98 

22.65 

130 

19.60 

1.60 

22.65 

131 

17.36 

3.84 

23.40 

131 

14.28 

6.92 

22 65 

132 

19,22 

1.98 

21.56 

132 

19.22 

1.98 

21.82 

133 

19.22 

1.98 

21.82 

133* 




413 

19.88 

1.32 

21.26 

413* 




414 

16.80 

4.40 

20.22 

414 

17:36 

3.84 

20.22 

415 

18,20 

3.00 

22.40 

415 

18,20 

3.00 

21.26 

416 i 

15.68 

5.52 

21.00 

416 i 

12.60 

8 60 

21.26 


* Culture contaminated. 


The changes in the form of nitrogen in solutions containing potassium nitrate 
are shown in table 18. The amounts of amino acid and ammonia were small in 
all of the solutions and it is probable that all of the nitrogen was present in the 
amino form, which was produced during the utilization of the nitrates. The 
decrease in the amount of nitrates was partly the result of the utilization of 
this form of nitrogen by the bacteria. Qualitative tests for nitrites showed 
that they were absent from the two check solutions, but the test was very strong 
in all of the inoculated solutions. This leads to the assumption that the ni- 
trites were produced by the bacteria, either as the first step in the utilization of 
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the nitrates, or as a by-product. On account of lack of solution it was not 
possible to make total nitrogen determinaticns in all of the solutions, but 
equal portions of the duplicate solutions were used. The frequent contamina- 
tion met with lowered the number of determinations still more, but the results 
showed a loss of nitrogen from the inoculated flasks. 

TABLE 18 

Nitrogen changes produced by Rhizobium melioloti and Rhizobium japonicum in a solution 
containing 1.0 gm. of potassium nitrate to a liter 


(Results expressed as milligram nitrogen to 100 cc. of solution) 


ORGANISM 

AMMONIA ANO AMINO 

NITRATES AND NITRITES 

TOTAL NITROGEN 


ACID 

Total 

Utilized 

Check 

0.32 

16 20 

None 

15.12 

Check 

0 38 

15 08 

None 


113 

0 32 

12 27 

1 3.37 

14.28 

113 

1.89 

14 80 

0 84 


130 

0 75 

9.19 

6.45 


130* 





131 

0.32 

10 31 

5.33 

11.47 

131 

0 22 

10 88 

4 76 


132 

0 43 

5.28 

10 36 

11 47 

132 

0.27 

9 75 

5 89 


133 

1.94 

8 91 

6.73 


133* 

413* 





413* 

414 

0 92 

6 95 

8.69 


414* 

415 

0 49 

14.23 

1.41 


415* 

416* 

416* 






* Culture contaminated. 


DISCUSSION 

A general study of the data presented shows that the two species of legume 
bacteria tested were able to utilize some of the nitrogen present in a number of 
organic and inorganic compounds. During this utilization ammonia was pro- 
duced from certain of the amino acids in excess of that utilized by the bacteria. 
The reaction probably was the result of the action of a group of enzymes known 
as deaminases which activate the hydrolysis of the amino acid, producing am- 
monia as one of the end products. Whether this preceded the utilization of 
the nitrogen or whether it occurred later was not definitely proved, although 
two facts indicate that the latter hypothesis may be the correct one. 

In the first place no ammonia was found in the inoculated solutions contain- 
ing valine, glutamic acid, t)Tosine, cystine, amino benzoic acid, or phenylala- 
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nine. The utilization of some of these compounds was so small that small 
amounts of ammonia might have been produced and all of this ammonia later 
utilized, leaving no measurable amount present at the end of the incubation 
period. However, more of the amino acid nitrogen was utilized from some of 
the above confipounds and at least small amounts of ammonia would probably 
still be present, if it had been produced. 

Secondly, the utilization of the amino nitrogen by the type B strains of Rhi- 
zohium japonicum growing in glutamic acid solution was so much greater than 
the utilization of the ammonia furnished by ammonium sulfate that it seems 
probable, at least in this instance, that the utilization was direct. 

Both amino and amido nitrogen were apparently changed in the solutions 
containing asparagine, but the degree of utilization cannot be arrived at from 
the determinations which were made. Urea was probably hydrolyzed by the 
action of urease previous to utilization, for, although no tests were made to de- 
termine the actual form utilized, this change seems to have occurred readily in 
the inoculated solutions. 

The nitrogen present in ammonium sulfate was utilized in varying amounts 
by all of the organisms tested. Whether this was first built up into amino acid 
and then synthesized into more complex comjx>unds was not determined. The 
amounts used were usually larger in the solutions inoculated with Rhizobium 
japonicum than in those inoculated with Rhizobium meliloti. This may be ex- 
plained by the fact that the soybean organisms tend to produce an alkaline 
reaction, which is more suitable than the acid reaction that would occur as a 
result of the sulfuric acid in the solution following the utilization of the ammonia. 

Nitrates were also used in varying amounts by all of the organisms tested. 
The presence of nitrites in all of the cultures indicates that this may be the 
first product and that this is then used in the building up of the more complex 
nitrogenous compounds. The wide variation in the amino and ammonia nitro- 
gen present in the solutions containing nitrates does not allow any conclusions 
to be dawn regarding their production. The loss of nitrogen may have been 
the result of a loss of free nitrogen produced during the reduction process 
which occurred. 

Although no tests were started using a nitrite compound as the nitrogen 
carrier the frequent occurrence of nitrites in the check solutions and their ab- 
sence in the inoculated solutions indicates that nitrites may be used, at least in 
small amounts by the legume bacteria. 

Inasmuch as ammonia and nitrites have been found to be produced from 
other nitrogenous compounds by legume bacteria the presence of either of 
these in the nodules or in solutions which contain these bacteria does not indi- 
cate that they are the forms in which the nitrogen is fixed. On the other 
hand, the ability of the legume bacteria to produce ammonia from a number of 
compounds does point ta the possibility that ammonia may be the product 
which the plant obtains from the nodule. No attempt was made to test for or 
obtain bacteroids in these experiments. If these are the forms which are re- 
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sponsible for fixation, as some writers suggest, it would appear that they are 
more active physiologically, and thus, it is possible that in this form the changes 
produced would be of much greater magnitude than those found. 

In regard to the value of the tests made as a means of differentiating between 
species a few points may be emphasized. 

There were apparently no differences in the changes produced by the two 
species in peptone, dl-valine, dl-phenylalanine, p-amino benzoic acid, ammo- 
nium sulfate, and potassium nitrate. In certain other compounds such as 
dl-alanine, 1-tyrosine, d-glutamic acid, asparagine, and 1-cystine the differ- 
ences between the two t^pes within the species were as great as the differ- 
ences between species. However, there were observable differences between 
Rhizobium meliloti and Rhizohium japonicum in some of the solutions. 

I'he changes produced in urea were consistently greater in the solutions in- 
oculated with Rhizohium meliloti than in those inoculated with Rhizohium j a po- 
nirum. This was very noticeable in the total nitrogen content, the cultures 
inoculated with alfalfa organisms having lost much more nitrogen than those 
inoculated with the soybean organisms. If this loss was the result of a loss of 
ammonia, then the production of ammonia must also have been much greater. 

The experiments with glycocoll gave widely differing results. In the first 
test (table 1) there appeared to be a very significant difference in the ability of 
the two species studied to produce ammonia and utilize the nitrogen. In the 
second test, however, no utilization w’as apparent in any of the solutions. 
This observed difference may have been due to the increase in the amount of 
glycocoll added in the second test, making it toxic to both species, whereas the 
.smaller amount used in the first test was toxic only to Rhizobnm japonicum. 

The colors produced in the tyrosine solutions were probably due to the differ- 
ence in the enzyme action. The action of tyrosinase proceeds in three steps, 
the first substance produced being red, then this is converted to a colorless 
compound, which in turn is changed to melanin, a black compound. In acid 
solutions, tyrosinase changes the tyrosine only partially with the production 
of a compound having a red color, whereas in alkaline solutions the reaction 
proceeds farther with the production of melanin. These characteristics then 
appear to be linked with reaction rather than with the character of the enzyme 
produced, and can not be considered as being more accurate than measure- 
ments of reaction change. The lack of color production in the solutions inocu- 
lated with the type B organisms does not prove that the enzyme tyrosinase was 
absent, but its action may have been intermediate between the alfalfa and t)^e 
A soybean organisms. 

The results obtained with the solutions of dl-amino-n-butyric acid indicate 
that this amino acid may help in differentiating Rhizohium meliloti and Rhizo- 
hium japonicum. There was a significant production of ammonia and also a 
marked utilization of amino acid nitrogen in all of the solutions inoculated with 
the alfalfa bacteria, but only one culture of the soybean bacteria showed any 
production of ammonia. It is probable, in view of the other results, that this 
one culture had become contaminated. 
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By properly regulating the concentration of the amino acid added it appears 
that any one of the three simple mono-amino-mono-carboxylic acids (glycocoll, 
alanine, and amino-butyric acid) may aid in differentiating Rhizobium meliloti 
from Rhizobium japonicunt. There may also be found to be a difference in the 
value of the deitro- and levo-amino acids which did not appear in the tests, 
which were, for the most part, conducted with the racemic mixtures of 
these two. 

More striking differences were observed in the action of the types within the 
species. Type A strain of the alfalfa bacteria utilized much more of the amino 
acid nitrogen and produced more ammonia from dl-alanine than did the type 
B strains. Inasmuch as the test for ammonia can be made much more easily 
than the test for amino acids it may be possible to adapt this test to distinguish 
between these two types. Type A strains of soybean bacteria did not produce 
any ammonia nor use any of the amino nitrogen from dl-alanine, but the type 
B strains were able to make use of some of this nitrogen and to produce small 
quantities of ammonia. This difference could be made the basis of a test to 
differentiate these types. 

The results obtained by inoculating Rhizobium meliloti into solutions con- 
taining dl-amino-n-butyric acid are similar to those obtained in alanine solu- 
tions. The type A strains apparently used more of the amino acid nitrogen 
and produced more ammonia than did the type B strains. None of the soybean 
bacteria tested were able to change appreciable amounts of dl-amino-n- 
butyric acid. 

There were no significant differences in the utilization of d-glutamic acid by 
the alfalfa bacteria, but such differences were found in the solutions inoculated 
with Rhizobium japonicum. The type B strains of this latter species utilized 
nearly all of the amino acid nitrogen present, while the type A strains utilized 
only about one-sixth of the amino nitrogen. There was a considerable differ- 
ence in the turbidity of the solutions, indicating more rapid growth by the type 
B strains, and it is quite probable that similar differences in growth would 
occur on agar slants containing glutamic acid. 

Although there appeared to be a slight difference in the utilization of 1-cys- 
tine by the two types of Rhizobium meliloti only one result was obtained for the 
type A strain, and no conclusions regarding the value of this amino acid in type 
differentiation can be drawn. There do, however, appear to be differences in 
the utilization by the different types of soybean organisms, the type B strains 
using about twice as much of the amino nitrogen as the type A strains. 

The utilization of tyrosine was greater by the type B strains of Rhizobium 
meliloti than by the type A strains. The reverse was true in the solutions in- 
oculated with Rhizobium japonicum, the type A strains using more of the tyro- 
sine than the type B strains. The differences in color noted in the solutions 
inoculated with Rhizobium japonicum were probably due to a difference in the 
reaction of the solutions. 

The value of p-amino-benzoic acid in the differentiating of types within species 
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appears not in the utilization of the amino nitrogen but in the production of the 
dark color in the solutions inoculated with the type B strains of RJtizohiumjapo- 
nicum. If this is found to be a constant characteristic of all of the type B 
strains but not of type A strains it will prove valuable in their separation. As- 
paragine also appears to have some merits which recommend its use in the 
differentiation of the two types of soybean bacteria. The production of am- 
monia was much greater in the solutions inoculated with the type B strains 
than in those containing the type A strains. Such a difference did not exist 
between the two types of alfalfa bacteria. 

Dl-valine, dl-phenylalanine, urea, ammonium sulfate, and sodium nitrate 
did not appear to have any value in distinguishing the types in either Rhizohium 
meliloti or Rkizobium japonicum. 

It is of interest to note that in the case of dl-alanine and 1-cystine the utili- 
zation of the amino acid nitrogen was greater by the type A alfalfa strain and 
by the type B soybean strains, and in tyrosine the type B alfalfa strains and the 
type A soybean strains utilized more of the amino acid nitrogen. In no case 
was the greatest utilization found in the type A strains of both organisms or in 
the type B strains of the two. Apparently the type B strains of the alfalfa 
organisms are more closely related in their nitrogen utilization to the type A 
soybean strains, whereas the type A strains of alfalfa bacteria are more closely 
related to the type B soybean organisms. 

One other fact deserves mention, namely, the high utilization of d-glutamic 
acid and asparagine by the type B strains of Rhizobium japonicum. These 
organisms are not as efficient in nitrogen fixation in the plant, and from the 
foregoing it appeals as if this might be because these organisms wxre better 
able to utilize the nitrogen present in the plant, and were not forced to depend 
on the atmospheric nitrogen for their supply of this element. 

It appears evident from the data presented here that the legume bacteria 
even when outside the plant may play some r61e in the nitrogen cycle. How- 
ever, this is probably not as great as it would appear to be from the aforemen- 
tioned experiments because of the lack of food material and the competition of 
other organisms. But they certainly can utilize soluble nitrogenous com- 
pounds and under certain conditions may be able to bring about a loss in the 
total nitrogen content of the medium upon which they are growing. 

SUMMARY AND CONCLUSIONS 

Studies of the changes produced by Rhizobium meliloti and Rhizobium japo- 
nicum in nitrogenous compounds in solutions were made. The nitrogenous 
compounds tested were glycocoll, dl-alanine, dl-amino-n-butyric acid, dl-va- 
line, d-glutamic acid, 1-cystine, 1-tyrosine, dl-phenylalanine, p-amino benzoic 
acid, urea, asparagine, peptone, ammonium sulfate, and potassium nitrate. 
Analyses were made for ammonia, nitrates, nitrites, amino acid nitrogen, and 
total nitrogen. 

Changes were noted in the form of nitrogen present in the solutions contain- 
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ing glycocoll, dl-alanine, dl-amino-n-bu lyric acid, d-glutamic acid, 1-cystine, 
1-tyrosine, asparagine, urea, ammonium sulfate, and potassium nitrate* 
Ammonia was produced by Rhizobium meliloti from glycocoll, dl-alanine, 
dl-amino-n-butyric acid, asparagine, and urea. Rhizobium japonicum pro- 
duced ammonia from dl-alanine, asparagine and urea. 

Nitrates were utilized by both of the species tested. All of the inoculated 
solutions containing nitrates showed an increase in nitrites, which were prob- 
ably produced during the utilization of the nitrates. 

Nitrites were apparently utilized in small amounts by Rhizobium meliloti 
and Rhizobium japonicum. 

Some of the nitrogen present in the amino group in glycocoll, dl-alanine, 
dl-amino-n-butyric acid, d-glutamic acid, 1-cystine, and 1-tyrosine was 
changed by Rhizobium meliloti. Changes in the amino nitrogen in dl-alanine, 
d-glutamic acid, 1-cystine and 1-tyrosine were produced by Rhizobium 
japonicum. 

Differences in the changes produced by Rhizobium meliloti and Rhizobium 
japonicum were noted in glycocoll, 1-tyrosine, dl-amino-n-butyric acid, and 
urea. 

Differences were found in the action of the type A and the type B strains of 
Rhizobium meliloti in dl-alanine, dl-amino-n-butyric acid, and 1-tyrosinc. 
iDifferences also appeared in the changes produced by the type A and the type 
1 b strains of Rhizobium japonicum in dl-alanine, 1- tyrosine, d-glutamic acid, 
1-cystine, p-amino benzoic acid, and asparagine. 
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A study of certain soils in the Sacramento Valley in which prune trees 
suffered a serious scorching of the foliage showed these soils to be distinctly 
low in both water-soluble and replaceable potassium. The division of plant 
nutrition in whose laboratories these analyses were made, also reported that 
these particular soils possessed a high fixing capacity for potassium and pre- 
dicted that it would be difficult to increase the potassium content to any 
reasonable depth by the addition of potash salts to the surface of the soil. 

Because of the low potash content of these soils and the fact that leaf scorch 
has been reported as associated with a deficiency of potash, the application of 
potassium salts in the prune orchards seemed a logical attack in an endeavor to 
remedy the condition, 

A study of the root system of the prune trees in these soils revealed most of 
the visible roots to be in the second, third, and fourth feet of soil. Even though 
the trees were relatively shallow rooted the laboratory studies indicated that 
surface applications of ordinary commercial amounts could not be expected to 
influence the potash content in the major root zone. 

Field studies confirmed the laboratory findings. The results in table 1 
indicate that even when 50 pounds of sulfate of potash was broadcast on the 
surface of the soil over an area of approximately 200 square feet, no increase 
could be found in the second foot. The application was made in December 
and the soil samples were taken the following May. The surface 3 inches 
of soil which composed the dry mulch was discarded in sampling so that 
it would be more correct to say that no increase in either water-soluble or 
replaceable potash could be detected below the first 15 inches of soil. In any 
event the penetration of potash downward was not sufficient to reach many 
roots and a method had to be devised to overcome this difficulty. This was 
accomplished with the aid of a power spray rig such as is in use in almost any 
commercial orchard. The potash salts were dissolved in the spray tank. A 
specially constructed injection rod made up from ordinary pipe fittings was 
substituted for the spray rod or gun. 

The rod was made of one-quarter-inch gas pipe which was threaded on both 
ends. The length of this rod depended upon the depth of injection desired. A 
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hole, one-eighth inch in diameter, was drilled through a plug, which in turn 
was screwed into a coupling and this in turn onto the one-quarter-inch gas 
pipe. The plug and coupling were then ground down to a point on an emery 
wheel. On the other end of the rod was fitted a one-quarter-inch globe valve 
which takes, the standard spray hose nipple. A spade handle connected as 
indicated in plate 1, figure 1 affords a better grip than is permitted in the 
original construction. The plug and coupling together with the finished point 
are also shown. 

Generally two such injection rods can be used with the average power spray 
rig. No difficulty is involved in forcing these into the ground as long as good 
pressure is maintained. The pressure gauge should register at least 200 pounds 
with both rods in action. 

By the use of this apparatus it has been possible, in the soils mentioned, to 
increase the potash content to greater depths than a surface application would 
permit and to place the potash in the root zone. In the experimental field 
work it was possible to distribute 50 gallons of solution over the 200 square 

TABLE 1 


Effect of method of application on penetration and distribution of potassium^ 


DEPTH OP 
SAMPLE 

so POUNDS E«S04 surface 

NONE (check) 

50 POUNDS KsSOi INJECTED 

Water soluble 
K 

Replaceable 

K 



Water soluble 
K 

Replaceable 

K 

feet 

p.pm. 

pp.m. 

p.p.m. 

p.pm. 

ppm. 

p.p m. 

0-1 

9.7 

520 

0.9 

114 

4.2 

246 

1-2 

2.1 

79 

1.1 

70 

3.2 

197 

2-3 

1.9 

41 

1.3 

44 

13.8 

592 

3-4 

2.8 

45 

1.1 

38 

3.4 

163 


feet at the approximate rate of one hole to every square foot to a depth of 3 
feet. The time consumed in this operation with two men working was about 
15 minutes. 

Results of analyses of the soil from the plots which have been injected accord- 
ing to the method noted are shown in table 1. The effectiveness of this type of 
application in increasing the potash content in the lower depths is evident. 
The injection rods were generally inserted to a depth of 3 reet and this prob- 
ably accounts for the greater increase observed at this depth. Much of the 
potash applied on the surface and unaccounted for in the analysis is undoubt- 
edly fixed in the surface 3 inches which was discarded at the time of sampling. 
The method has no practical application but meets a particular requirement in 
experimental work in the field. It assures proper distribution of various salts 
throughout the soil mass where their effect is being studied on relatively deep- 
rooted deciduous fruit trees. The fixation of various cations through the 

1 The authors are indebted to P. A. Hibbard, associate chemist in the experiment station, 
for the analyses reported in table 1. 
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phenomenon of base exchange and the precipitation of phosphates may be such 
that surface application of fertilizers may never effect any chemical change in 
the mass of soil in which the major portion of the tree roots are found. Under 
these conditions the method of soil injection outlined may be of some assist- 
ance to those concerned with soil deficiency studies and fertilizer trials with 
fruit trees. 
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PLATE 1 

Construction and Operation op Son, Injection Rod 

Fig. 1. Parts used in the construction of the soil injection rod. 

Fig. 2. Insuring proper distribution of fertilizer salts with soil injection rods. 
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TECHNIQUES IN GREENHOUSE STUDIES 
OF 

SOIL DEFICIENCIES AND PLANT NEEDS 

^ This number of Soil Science is devoted exclusively to papers that are con- 
semed with the growing of experimental plants, primarily under greenhouse 
conditions. The papers were prepared by invitation, the authors ha\'ing been 
selected by a committee of their colleagues. The thought was to present as 
variety of procedures as possible and thus give the readers of the Journal 
Opportunity to understand the many different techniques employed in over- 
coming the difficulties that are involved in growing plants for research purposes. 

No doubt many additional plant scientists could have made equally important 
contributions to this number. We shall be glad to hear from any of those who 
eicijjploy other techniques and, if sufficient interest develops, possibly a second 
illsue can be devoted, in due time, to this very important topic. 

The editor wishes to express his appreciation for the time and thought given 
the contributoi s and for the careful manner in which their papers have been 
prepared. It is believed that many graduate students, and the men directing 
Ubheir researches, will find themselves greatly indebted to these authors for having 
fjoined in this undertaking. 

Firman E. Bear 
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THE CARBON-NITROGEN RATIO IN RELATION TO THE ACCUMU- 
LAl'ION OF ORGANIC MATTER IN SOILS’ 

FREIJKRICK J. SALTER2 
Ohio Stale U niversity 

Reccive<l for publication August 4, 1930 

A Study of the soil will show that it is a system which is never in a perfect 
state of equilibrium, ft is continually undergoing physical and chemical 
adjustments with the forces which surround it or are in it. Since these ad- 
justments arc never complete, change constantly takes place. One of the 
most changeable and yet a})parcntly one of the most constant relationships in 
the soil is that which exists between the soil carbon and the soil nitrogen— the 
carbon-nitrogen ratio. ^laii)’ writers have devoted considerable space to 
organic matter and nitrogen but ]e<s has been said in regard to the relation of 
carbon to nitrogen and the result of various ratios within the soil. 

Amon^ the early ol)scr\ation<; along this line was that regardless of the ratio of carbon to 
nitrogen in organic materials addc<l to the soil, in a short time the ratio within the soil becomes 
stabilized at some p<nnt nt'ar 10 to 1 Thai this varie*i somewhat in ditlerent localities and 
at various depths has l»ei‘n shown by several woikers Dyer (14), who gives us one of the 
earliest observations, studied the caibon-nilrogen ratios of 21 Kothamsled wheat soils at 
djtYerent deptiis. lie found that tliey \aried between 5 and It) to 1, the surface soils showing 
a wider ratio than the subsoils l-lrown and O’Xcal (11) found that, in Iowa, Carrington 
loam gave a ratio of 12 or l.S to 1, whereas Tama silt loam .showed a ratio of 10 to 1 .Mway 
(2) reports that \ebra.ska soils vary from 11.2 to 13 6: 1. Stewart (27) of Illinois states that 
in general the carbon-nitrogen ratio of the soil tends to become narrower with the aging of the 
organic material. lie found the ratio in the old soils, the gray silt loam, to be 10 4:1: in 
brown silt loam 12.1:1, and in black clay loam, the younger .soil, 11.7:1. .Mwaj" and Vail 
( 4) in studying the relative amounts of nitrogen, carbon, and humus in Xebraska soils found 
that the ratio ran so uniform for surface soils that the carbon content could be estimated with 
sulheient accuracy from the nitrogen determination. bVora West Virginia Bulletin 161 it 
appears that soils of the Huntington series average 13..S:1 carbon nitrogen ratio whereas 
those of the Upshur series run 9.8 to 1. Tlie average of the entire state is approximately 1 1.8 
to 1. Ohio soils, from analyses given in by .\mcs and Ciailher (5), average 12 to 1. All of 
these results indicate that there is some rather stable ratio of carbon to nitrogen for soils of 
the same region and that the ratio is different in different regions. The factors which most 
greatly influence the actual ratio are tho.se of climate — temperature and rainfall, the latter 
a.s expressed in the ratio R/Ey rainfall-evaporation In regions with a wide rainfall-evapora- 
tion ratio and a high temperature there are conditions favorable for luxuriant vegetative 
growth but at the same time these also favor rapid decomposition processes. Thus, although 
more organic material may enter into a soil, because of rapid decay it is difficult to keep it. 

^ A thesis presented to the faculty of Ohio State University in partial fulfillment of the 
requirements for the degree of doctor of philosophy. 

* The author is indebted to Dr. Firman E, Boar, formerly head of the soils department, 
Ohio State University, for many helpful suggestions in connection with this work. 
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Russell (23) shows from his work on Broadbalk plots that it is only by an increase in car- 
bon that nitrogen can be increased in soils. The reverse is also true that without nitrogen 
carbon will not be held. Therefore in humid sections the carbon-nitrogen ratio tends to 
narrow down because energetic decay processes cause a more rapid loss of carbon than of 
nitrogen. In semi-humid sections, those with a rainfall-evaporation ratio of less than 1, we 
have conditions less favorable for plant growth and for decomposition. The result is that 
carbonaceous materials do not disappear as readily as do nitrogenous compounds. This 
tends to widen the carbon-nitrogen ratio. Jenny (16) points out, from his study of climatic 
factors as related to soil nitrogen, that the total nitrogen content of soils decreases from North 
to South in the United States in relation to temperature. In the North, with lower tempera- 
ture, decay slows down and nitrogen is not so readily lost. This permits of an easier main- 
tenance of organic matter in the soil. In the south on the contrary, high temperatures mili- 
tate against nitrogen accumulation and thus discourage the keeping of organic matter. 

Several wo,rkers, notably Alway and McLean (3), Blair and McLean (8), and Sievers and 
Holtz (25), have pointed out that in soil under cultivation the carbon-nitrogen ratio becomes 
narrower. Stirring tlic soil appears to produce a much greater loss of carbon than of nitrogen. 

When soils are first brought under cultivation there is a rapid loss of organic matter, but 
as the amount of nitrogen becomes less the rate of loss slows down and the narrower ratio 
remains fairly stable. 

^ A number of efforts have been made to associate the carbon-nitrogen ratio with the fer- 
tility of the soil. Brown and Allison (10) state, “The determination of the carbon-nitrogen 
ratio in soils is now coming to be considered of much importance in fertility studies. . . . 
It shows the rate at which decomposition processes are going on in the soil. Experience has 
shown that if the ratio narrowed beyond a point of about 10 to 1 crop yields may be reduced 
evidently because of an insufficient production of available nitrogen, phophorus, and potas- 
sium. On the other hand, if the ratio was 12 to 1 or above, bacterial activities apparently 
occur to a satisfactory extent and sufficient amounts of soluble plant-food are produced for 
good crop growth.^* From data presented by Russell (23) it appears that if there is any corre- 
lation between productivity and the ratio of carbon to nitrogen, fertile soils have the narrower 
ratio. 

Waynick and Sharp (35) have presented data showing the amount of variation found in 
the total carbon and total nitrogen of California soils. The samples selected were taken for 
their apparent uniformity and yet the nitrogen fluctuation was as much as 0.977 to 0.21 
and the carbon ran from 1.383 to 0.179. .As many as 100 samples were taken from plats of a 
little over an acre. Since these great variations occurred on small areas which appeared to be 
uniform these authors discredit any si^ilicance that might be given to the association of the 
carbon-nitrogen ratio with soil fertility. Read (22) has corroborated the work of Waynick 
and Shar|) by the study of samples collected from many experiment stations. His analytical 
results were compared with the actual yields as reported by the various stations. 

Although it seems to be impossible to relate the ratio of carbon to nitrogen in soils to the 
yields to be expected, this ratio appears to be of considerable importance in determining the 
processes taking place when organic materials are added to soils. 

For a long time farmers have realized that the applications of strawy manure or straw 
alone have a disastrous effect upon the crop yields immediately following. This may also be 
the result with some green manures, especially when fairly heavy. Many experiments have 
been carried out to account for this condition. It was soon recognized that the crop failures 
were due to a lack of available nitrogen, Lyon, Bizzell, and Wilson (18) found that the dried 
roots of a number of plants brought about nitrate depression. Hutchison (15) found that 
applications of carbohydrates to soils caused a decrease in soil nitrates. An application of 
hay dust and straw at once lowered the amounts of ammonia a^d nitrate, but after several 
months these became greater. Murray (21), Scott (24), Collison and Conn (12), and others 
(1, 9, 19, 38), have obtained harmful effects and the depression of nitrates following the use 
of straw or other cellulosic materials. The early explanation for this decrease in available 
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nitrogen was that denitrification took place with increased rapidity due to these microcirgan- 
isms being greatly favored by the material added. This theory was soon replaced by the 
belief that soil organisms became consumers of nitrogen under certain circumstances and 
thereby lessened the stock of nitrates. Murray (21) showed that the total nitrogen content 
of the soil remains the same, following the disappearance of the nitrates, as it was before, 
indicating a mere change of form. Doryland (13) has probably carried out the most exten- 
sive work to show that soil microorganisms may become competitors to crops for the supply 
of available plant nutrients. He has shown that these competitors are not necessarily “detri- 
mental” organisms, but may be some of the most vigorous ammonif^rs. He points out that 
the most favorable conditions for the consumption of ammonia or nitrates is an application 
of “energy material,” such as carbohydrates or straw. This use of nitrogen by the organisms 
is simply a normal metabolic process. For the construction of their body tissue they require 
a certain amount of nitrogen for each unit of carbon consumed. When a substance having a 
wide energy-nitrogen ratio is added to the soil, since tJiere is an abundfincc of energy material 
but very little nitrogen, the organisms make use of the available nitrogen from the soil in 
their growth processes Since the soil organisms are more advantageously situated with 
respect to this nitrogen, the plant suffers 

The work of Brown and Allison (10) agrees vrith that of Doryland. An application of 
narrow ratio materials, such as rotted manure and legume hays, caused increased yields of 
oats whereas widc-ratio substances lowered the yields. 

That the availability of nitrogen following the turning into the soil of organic materials is 
probably a matter of the carbon-nitrogen ratio is shown by the work of Blair and Prince (9), 
Wilson and Wilson (38), Thomas and Harper (28) and others. When straws and other resi- 
dues with a wide ratio arc supplemented with legumes or other sources ot nitrogen in order to 
narrow the ratio, no depression of available nitrogen results. If the ratio is sufficiently 
narrow some nitrate nitrogen is made available. This is shown in the work of Thomas and 
Harper (28) using straw alone an<l also supplemented with sources of nitrogen, such as legume 
hays, nitrate of soda, and sulfate of ammonia. The combination applications brought about 
larger amounts of available nitrates, because of a narrowing of the carbon-nitrogen ratio. 

Waksman (30) lias made a tliorough study of the microbiological processes connected with 
the decomposition of organic materials within the soil. He points out that, added to the 
soil, organic substances are attacked by many forms of microorganisms, including bacteria, 
actinomycetes, fungi, and possibly protozoa. As a result of these activities the organic tissues 
are broken down, the availaiile energy is utilized by the organisms, and the inorganic com- 
pounds of nitrogen, phosphorus, and potassium are made available for plant growth. Most 
of the soil micro* Organisms, with the exception of algae and some autotrophic bacteria, require 
organic materials as a source of energy. Therefore these substances must become energy 
sources for soil organisms, I'he speed with which the materials are decomposed varies 
considerably. It is not the organic material as a whole tliat is attacked, but various con- 
stituents of this material. Some of these are rapidly attacked whereas others are affected 
only slightly. Therefore the nature of the composition of the materials added to soils will 
determine the speed of its decay and the final result of the decomposition. Since in their 
metabolic processes the organisms synthesize considerable cell substance, and this requires 
nitrogen and phosphorus, the speed of decomposition will also be governed by the available 
supply of these elements. 

It has been noted by Whiting (36), Whiting and Schoonover (37), Martin (19), Dvorak 
[cited by Waksman (31) ], Waksman (34, 32) and others, that immature green plant materials 
are decomposed most rapidly, largely because they contain an abundance of water-soluble 
carbohydrates and nitrogenous compounds. The leaves of plants decompose more rapidly 
than their stems or roots, because of their higher nitrogen content. As plants become older 
their carbonaceous materials become transformed to an increasing extent into cellulose and 
lignins. These latter are decomposed only very slowly. 
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TJjat the supply of easily available nitrogen is also important in determining the rate of 
decomposition has been shown by Waksnmn (31), Waksman and Starkey (3v^), Anderson 
(6), BartheJ and Bengtsson (7), Merkle (20) and Starkey (26). Materials that are poor in 
nitrogen but rich in cellulose decompose more slowly than those rich in nitrogen and poor in 
cellulose. This may be put in other words— materials with a wide carbon-nitrogen ratio 
decompose more slowly than those with a narrow ratio. In the case of the former, such as 
straws, corn stover, wood products, and cellulose, the available sui)ply of nitrogen often may 
become the limiting factor in their decay. Anderson (6) has shown that the rate of cellulose 
decomi)osition increases with the increase in available nitrogen until there is sufficient nitro- 
gen for the maximum growth of the microorganisms. He also found that nitrification could 
take place when cellulose was present, but no nitrates were found until the needs of the 
bacteria were met. Barthel and Bengtsson (7) also obtained results similar to those of 
Anderson. They attributed the favorable influence of stable manure upon the decomposition 
of cellulose in the soil to the available nitrogen present in the manure. When the quantities 
of manure were doubled the amount of cellulose decomposed was increased proportionately, 
and halving the amount likewise decreased the decay. Since the same results were obtained 
with sterilized manure they concluded that the microorganisms present in the manure have 
no influence in normal soils. They obtained practically the same results with equivalent 
amounts of ammonium sulfate and ammonium nitrate. Waksman and Tenney (34), working 
with rye straw, corn stalks, oak leaves, and alfalfa tops, found that the addition of available 
nitrogen very greatly increased the rate of decay with all the materials e.xcept alfalfa. In the 
latter case adding nitrogen had no effect, as the nitrogen present in the alfalfa was sufficient 
to bring about a very rapid decay. Thus it appears that narrowing the ratio of carbon to 
nitrogen causes an increased rate of decomposition with materials having a wide carbon-nitro- 
gen ratio. 

Waksman (29) shows that microorganisms acting in the soil upon added organic materials 
bring about (u) the complete decomposition of much of the organic materials, including most 
of the carbohydrates and proteins; (b) the accumulation of such resistant materials as lignins; 
{c) the reassimilation of part of the carbon and part or all of the nitrogen to form cell proto- 
plasm. The extent to which this latter process goes on depends upon the organisms acting 
“If fungi are the active agents of decomposition, one part of nitrogen will be assimilated for 
every seven or eight parts of carbon given off as COj in the process of energy utilization. If 
pure cultures of bacteria are the active agents, one part of nitrogen will be assimilated for 
12.5 parts of carbon liberated COj. Since bacterial cells are richer in nitrogen than are 
fungus mycelium, a smaller amount of protoplasm will be synthesized. If the mixed soil 
flora and fauna take part in the decomposition process, one part of nitrogen will be trans- 
formed from an inorganic to an organic form for every 16 to 18 parts of carbon given off ” 
Ihis latter process is what ordinarily takes place in the soil. When plant residues or straw 
is added to the soil in a very short time 60 to 80 per cent of the carbon compounds is decom- 
posed, leaving the remainder in the soil as resistant celluloses, waxes, or lignins. Of this f)0 
to 80 per cent acted upon, 20 to 70 per cent is given off as CO 2 and 10 to 40 per cent is left 
in the soil as microbial protoplasm. I'his indicates that a considerable quantity of the 
carbon added to a soil in organic materials may be held in the soil as synthesized cell sub- 
stance. This will contribute to the supply of organic matter or “humus.” 

The amount of nitrogen utilized by soil microorganisms also varies considerably. In the 
ca.se of fungi, for every 100 parts of organic matter decomposed, from 0.5 to 4.0 parts of nitro- 
gen will be assimilated. If the organic material contains 0.5 per cent nitrogen, as in the case 
of straw, additional nitrogen has to be utilized, 1 to 2 parts for every 100 parts of material 
before complete decomposition takes place. If, however, the added material is clover or 
alfalfa, containing 1.5 to 2.5 per cent nitrogen, no additional nitrogen is necessary for decay, 
but no nitrogen will be liberated as NHs for a few months. If the proportion of nitrogen runs 
higher than 2.5 per cent then some of it will at once become available as ammonia. 
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liacteria and actinoniycetes are not as economical in their utilization of energy materials 
as fungi, and although their nitrogen content is higher (}) to 13 per cent) the actual amount 
of nitrogen assimilated is less than in the case of fungi, since they synthesize so much less cell 
protoplasm. This will result in the liberation of available ammonia from materials having a 
lower percentage of nitrogen. 

In summarizing, the processes carried on by the soil microorganisms result, with materials 
having a wide carbon-nitrogen ratio, in the use of available soil nitrates, the loss of consider- 
able carbon, and a narrowing of the ratio. If, however, the added substance has a narrow 
ratio this favors the synthesizing of more cell protoplasm, because of the abundance of nitro- 
gen, with the result that less carbon will be lost, and at the same time nitrogen will be liberated 
as available nitrates. The result will be a widening of the ratio. A soil having a carbon- 
nitrogen ratio wider than normal is not in a contiition to supp^ort plant growth, since the 
activity of the soil organisms will result in nitrogen starvation. When a soil shows a constant 
ratio this indicates that there is a proper balance of nitrogen and carbon to meet the needs 
of the metabolic pi*ocetses of the soil flora Some energy material will be utilized and at the 
same time .some nitrogen will he liberated as ammonia. The addition of fresh organic ma- 
terials having a carbon-nitrogen ratio of 10:1 wdll result in stimulating the growth of the 
organisms, the liberation of some C(>> and the formation of an equivalent amount of ammonia. 


EXPERIMENTAL 


In none of the investigations cited has there been any work conducted to 
determine the conditions under which the most organic matter, when intro- 
duced in various forms, is retained by the soil. It is evident from the fore- 
going discussion that the carbon-nitrogen ratio of the materials as well as that 
of the soil is intimately related to the processes taking place. It was with the 
j)urpose of determining the effects of different carbon- nitrogen ratios upon the 
accumulation of organic matter that these experiments were undertaken. 

The .soil used wa.s an Kllsworth silt loam, low in carbonates and in organic 
matter. The original composition was as follows: 


Carbon 

Nitrogen (Kjcldahl) 
Nitrate nitrogen 
rho.sphorus . 
Potassium . . . . 

Pll 

Jones lime re(]uiremcnt 
C'arbon-nitrogcn ratio 


0 97 per cent 
0 073 per cent 
6 3 pounds an acre 
0.053 per cent 
1.40 per cent 
4.0 

6,270 pounds 
13.3 to I 


As the pH of the soil was low it was feared that the acidity might inhibit 
biological activities. Fresh hydrated lime was added at the rate of 4,000 
pounds an acre (2,000,000 pounds of soil) at the beginning of the experiment 
to reduce the acidity to a pH of about 6.0. 

As the phosphorus content of this soil was also low it was thought best to 
prevent its becoming a limiting factor by adding a ])Ientiful supply at the 
beginning. Superphosphate (20 per cent) was applied at the rate of 1 ton 
an acre to all cultures with the exception of the blank tests and the soil check. 

The suppliers of carbon were employed in such amounts as to add 4,000 
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pounds of carbon an acre. This was equivalent to adding about 7,000 pounds 
of humus if the entire amount remained. The organic materials used were 
corn stover, straw, bluegrass (dry), ragweeds, tobacco stems, wood fiber 
(sawdust), red clover hay, sweet clover hay, glucose, and cellulose. The com- 
position of these substances is given in table 1. These materials were dried 
and finely ground to permit a more even distribution in the soil. 

The nitrogen supplier used was ammonium nitrate. This was selected 
because of the belief that it would leave no residue likely to alter the reaction. 
It was ground fine and added in amounts necessary to adjust the ratios to the 
desired values. 

The ratios selected were 15:1, 10:1, 5:1, and 1:1. It was expected that 
the 15:1 ratio would be sufficiently wide to promote the loss of considerable 
carbon and to stimulate some nitrogen fixation. The 10:1 ratio was chosen 
to typify the normal soil ratio. With this initial ratio it was expected that 


TABLE 1 

Composition of organic materials used 



] 

CARBON 

NITROGCN 

C.N Rvno 

Corn stover 

per cetii 

40 2 

per cent 

0 84 

47 8:1 

Straw 

38.4 

0.93 

41.3:1 

Wood fiber 

43 2 

0 10 

432 0:1 

Bluegrass 

34.0 

1.66 

20 5:1 

Ragweeds 

37 4 

3 08 

12 0:1 

Tobacco stems 

34 7 

2 02 

17 0:1 

Red clover 

39 7 

1.54 

26 0:1 

Sweet clover 

38 6 

3 22 

12.0:1 

Glucose 

36 3 

0.00 


Cellulose 

44.0 

0 00 





the relation of carbon to nitrogen would remain fairly stable with the contribu- 
tion of a moderate amount of organic matter and the liberating of some avail- 
able nitrogen. The 5 : 1 and the 1:1 ratios, being narrow, were expected to 
cause considerable organic matter to accumulate and also much ammonia or 
nitrates to be liberated. With this wide variation in ratios a considerable 
difference in the rates of decomposition was also anticipated. 

Some investigators have reported that additions of phosphates to soils in 
liberal amounts may bring about increased nitrogen fixation. If such were 
the case the addition of phosphates to the soil should result in less nitrate 
depression and a larger accumulation of organic matter. To one culture pot 
for each of the organic materials phosphate only was added at the rate of one 
ton an acre. 

One series of cultures was also included in which all organic materials were 
incorporated with the limed soil without supplementary additions of ammo- 
nium nitrate. These cultures are designated as “blanks."’ 
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As a check upon the process taking place in the soil due to liming, four 
cultures weie arranged to which no organic materials were added. 

One-half gallon glazed crocks were employed. Each of these was filled 
with 2.5 pounds of soil to which had been added the proper amounts of organic 
material and the necessary supply of ammonium nitrate for adjusting the car- 
bon-nitrogen ratio to the desired values. The entire amount of soil used had 
previously been treated with the hydrated lime and the superphosphate. 
These culture ])ots were then brought to optimum moisture content (approxi- 
mately 24 per cent) with distilled water and kept in a room the temperature 



Fig. 1. Relation of Nitrate Recovery in tiif. Kjeldvul Method to the Quantity of 

NiTR-VTE PREbENT 

and humidity of which was controlled. The temperature was held between 
25 and v3()°C. The moisture content was adjusted every two weeks, this being 
frequent enough to limit the loss in water to less than 5 per cent. Samples for 
analysis were taken at the end of the first, second, fourth, sixth, eighth, and 
twelfth months. The samples were removed by means of a large cork borer 
pushed to the bottom of the crocks. The amount removed at each sampling 
period was about 50 gm. After each sampling the soil was taken out and thor- 
oughly mixed, then replaced. This served to produce good aeration. The 
samples were dried, ground to pass a 100-mesh screen, and stored in tightly 
stoppered bottles. 
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The results for the 2-, 4-, and 8-month periods are omitted for the purpose of simplilkation. 
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* Carbon reported includes negligible amounts of inorganic carbon. 
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TABLE 5 

\itrate nitrogen (in each 2/)Q0,000 pounds of soil) 
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Nitrogen was determined by the Kjeldahl method and nitrate nitrogen was 
measured by the phenol disulfonic acid method. Jn order to determine the 
extent to which nitrate nitrogen was included in the Kjeldahl determination 
a considerable number of total nitrogen determinations were made by a 
modification of (he Davisson method.^ This method requires so much time 
that it does not lend itself to large numbers of determinations. It was found, 
however, that the fractional recovery of nitrate nitrogen in the standard 
Kjeldahl method was a function of the total amount of nitrates present and 
that by the application of a correction factor, total nitrogen including nitrates 


TABLE 6 

CMiiiu or loss in total nitrogen at end of twelfth month (by each 2ft0(t,000 pounds of soil) 


M.XTKKIALS 

15 1 

10 1 

5 1 ' 

1 

1 1 

I’UdS- 

PH/\Ttr> 

BL4NK < 

Corn stover 

pounds 

+560 

pounds 

+470 

pounds 1 

+ 145 

poun.h 

-480 

pound't 

+ 110 

pound \ 

-120 

Straw ... . 


+500' 

4 160 

- 580 

+ 250 

-1- 20 

W'ood fiber ... 

+410 

+ 140 

+ 1.S0 

-530 

+205 

+ 225 

Bluegrass . . . 

+330 

+120 

+ 110 

- 780 

+ 165 

+ 160 

Ragweeds 

. . . 

4 280 

+ 210 

-560 

4 300 

+ 345 

Tobacco stems ... 

+370 

+350 

+ 160 

-770j 

+ 230 

4-385 

Red clover ... 

+ 550 

4-500 

+ 2(K) 

-880 

43W 

+ 260 

Sweet clover . 


+ 580 

+ 2^0 

-430 

+ 250 

+ 370 

CJlucose . 

+280 

4 250 

4 130 

-420 

4215 

4 255 

Cellulose 

4 230 

1 

4 200 

+ 150 

-320 

+ 235 

......... . ... 

+ 220 

Average . ... 

+390j 

+ 330 

+ 16 S 

-575 

1 



could be estimated with fair accuracy from the results of the Kjeldahl deter- 
mination. 

Table 2 shows the corrected amounts of organic nitrogen^ to the acre. 

The electric combustion method was employed for determining organic 
carbon (table 3 ) 

The ratios of carbon to nitrogen, calculated from the foregoing carbon and 
nitrogen values, are presented in table 4. 

The quantities of nitrate nitrogen found at successive periods are presented 
in table 5. 

By calculating the total amount of nitrogen present in the soil, the organic 

®Thc original Davisson mclhotl consists in reducing the nitrates with Devarda’s alloy 
under slightly alkaline conditions. It employs 0.1 A’/NaOH solution and boiling for 20 
minutes. Tliis did not give complete recovery with known solutions, therefore 0 25 
solution was substituted and the mixture permitted to stand in the cold over night. After 
acidifying with 35 cc. of H 2 SO 4 and evaporating off the water the regular Kjeldahl procedure 
was followed. The graph constructed from the results of these determinations and used to 
facilitate the calculations of the amounts of organic nitrogen is given as figure 1 . 

* Organic nitrogen includes any ammonia nitrogen remaining unnit rified from that originally 
supplied as ammonium nitrate. 
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nitrogen plus the nitrate nitrogen, and from this subtracting the nitrogen 
present at the beginning of the year, that nitrogen added by fixation or lost by 
denitrification can be obtained for any period. The results for thel 2-month 
period are shown in table 6. 


DISCUSSION 

The principal purpose of this investigation was to determine the influence 
of the carbon-nitrogen ratio of organic additions upon the accumulation of 
organic matter in the soil, as estimated from organic carbon. The amounts of 
carbon (table 5) show that regardless of the sources of the carbon the quantities 
present at the end of the year fall within a rather narrow range. It is perhaps 
to be expected that different materials adjusted to a common ratio would show 
little variation except possibly in the rapidity of change. Such seems to be 
the case. 

The 15:1 ratio has resulted in the accumulation of least carbon as measured 
after 12 months incubation. Such a ratio evidently encourages the evolution 
of much carbon as carbon dioxide, the energy material being in excess of the 
su[)ply of available nitrogen. For each material the amount of carbon remain- 
ing is less than with the narrower ratios. Thus it ajipcars that a wide ratio 
is not conducive to the best accumulation of organic matter. With this wide 
ratio there should be a tendency for nitrogen fixation to occur. Krishna (17) 
has recently shown that straw and other carbonaceous materials can furnish 
energy for nitrogen fixation, Ta])lc 6 shows that fixation has occurred with 
all materials, although to the greatest extent with the more carbonaceous. 
With corn stover, wood fiber, and red clover the organic nitrogen content in- 
creased from approximately 1,600 to over 1,800 pounds an acre by the end of 
the year. When soils are treated with wide ratio materials there is a tendency 
for the ratio to become narrower as a result of the loss of carbon and the fixa- 
tion of nitrogen. This is indicated in table 4. From an initial ratio of 15 to 
1, soils treated with corn stover narrowed to 9.8 to 1, and those treated with 
red clover to 10.2 to 1. Other treatments showed similar results. 

The 10 to 1 ratio was thought to represent the stable relation for soils of 
the region. That such is the case is shown by the amounts of organic carbon 
and nitrogen remaining in the soils for those cultures having this initial ratio. 
While there was an evolution of some carbon as carbon dioxide there was an 
equivalent release of nitrogen as nitrates or otherwise. This resulted in the 
ratio of carbon to nitrogen remaining practically stable. Table 4 indicates 
that at the beginning of the year nitrogen was lost more rapidly than organic 
carbon, resulting in a widening of the ratios. But, after a short time the car- 
bon losses were sufficiently large so that the ratio remained approximately 10 
to 1. 

The 5: 1 and 1 : 1 ratios have resulted in the largest storage of organic carbon 
(table 3). Tliis is in accord with the expectation that a narrow ratio should 
encourage the holding of carbon and the release of nitrogen. 
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Figure 2 shows the trend of the various ratios plotted from the averages. It 
indicates the tendency to stabilize at the 10 to 1 ratio. That a narrow ratio 
of carbon to nitrogen favors the loss of nitrogen is shown in table 6. From the 
amounts of organic nitrogen in the materials it is seen (table 2) that a consider- 
able loss occurred in every case with the narrow ratios. The rate of loss of 
nitrogen was much greater than the decrease in organic carbon, this causing a 
widening of the carbon-nitrogen ratio, as shown in table 4. The 5 to 1 ratios 
have widened in all cases, the final results ranging from 9.2 to 10.7: 1. The 1 
to 1 ratio has also spread considerably, ending at values ranging from 6.0 to 
8.0:1. 



Fig. 2. Trend op Carbon to Nitrogen Ratios 


The availability of the nitrogen as measured by the nitrate production varied 
greatly with the different ratios (table 5). From the analyses reported it is 
apparent that the 15:1 ratio at no time furnished much available nitrogen. 
During the first months several of the organic materials, (Blanks), com stover, 
tobacco stems, and red clover caused a marked nitrate reduction. The 10 to 
1 ratio cultures show a larger production of nitrates. This is probably because 
the supply of nitrogen meets the needs of the microorganisms and nitrogen is 
liberated in proportion as carbon is utilized as a source of energy. The largest 
amounts of nitrates present are found with the 5 to 1 and the 1 to 1 ratios. The 
quantities amount to as much as 2,500 pounds an acre. These results are in 
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accord with the findings of Waksman (31) and of Lyon, Bizzell, and Wilson 
(18). They indicate that with nitrogen in excess of the energy supply nitro- 
genous materials will be utilized as a source of energy and nitrogen will be 
liberated as ammonia, later being nitrified to nitrates. 

Waksman and Tenney (34), Whiting (36), and others have shown that the 
rate of decomposition of organic materials varies directly with the amounts of 
soluble constituents and of available nitrogen. Those materials having the 
larger amounts of these components will undergo decay most rapidly. Tables 
2 and 3 show that there is a difference in the rates at which these organic 
materials have undergone decay. During the first month the most rapid 
action took place vrith the wide-ratio materials. Waksman points out that, 
with readily available nitrogen supplied, many highly carbonaceous materials 
will decay very rapidly because of their high content of cold-water soluble 
constituents. This probably was the case with these organic substances. By 
the end of the second month, however, the most readily available components 


TABLE 7 

Order of rapidity of decomposition (most rapid at top) 


HKST MONTH 

SJLCONT) MONTH 

yoCRTU MONTH 

SIXTH MONTH 

hlOHTn MONTH 

1 

TWULTTH MONTH 

Straw 

Ragweeds 

Sweet clover 

Sweet clover 

Sweet clover 

Sweet clover 

Corn stover 

Sweet clover 

Red clover 

Red clover 

Red clover 

Ragweeds 

Red clover 

Red clover 

Corn stover 

Corn stover 

Ragweeds 

Red clover 

Bluc#!jrass 

Corn stover 

Ragweeds 

Ragweeds 

Corn stover 

Straw 

Wood fiber 

Straw 

Bluegrass 

Tobacco stem 

Wood fiber 

Corn stover 

Tobacco stem 

Wood fiber 

Straw 

Blue grass 

Straw 

Wood fiber 

Sweet clover 

1 Bluegrass 

Wood fiber 

Straw 

Tobacco stem 

1 Tobacco stem 

Ragweeds 

1 Tobacco stem 

Tobacco stem 

Wood fiber 

Bluegrass 

Bluegrass 


of these wide-ratio materials probably were largely decomposed, since from 
this time on, the narro^v ratio materials showed the most rapid rate of change. 
The order of the rates of decomposition, as determined from the data for 
organic carbon and organic nitrogen, considering the losses in each interval of 
time, is given in table 7. 

The results obtained with the blank cultures (table 8) show that at the end 
of the year the amounts of organic carbon remaining in the soil are directly 
in accord with the carbon-nitrogen ratios. Ragweeds, sweet clover, and 
tobacco stems, those materials having the narrower ratios, have resulted in 
the accumulation of most organic matter. The artificial materials, glucose 
and cellulose, have shown large losses of carbon. These results support the 
statement of Russell (23) that to increase carbon in a soil it is necessary also to 
increase the nitrogen supply. Wide-ratio materials containing little nitrogen 
do not favor carbon accumulation. 

The depression of nitrates characteristic of applications of straw and other 
wide-ratio materials is noticeable in the blank test cultures (table S). In the 
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check soil the quantity of nitrate nitrogen at the end of the first month was 
100 pounds an acre. This increased slightly during the year. When wood 
fiber, straw, bluegrass, corn stover, and other materials low in nitrogen were 
added to the soil the quantity of nitrate nitrogen was reduced to 30 to 40 
pounds an acre, indicating considerable nitrate consumption. In some cases 
the depression of the nitrates was manifest during most of the 12-month period. 
The only materials which did not reduce nitrate nitrogen were those having a 
carbon-nitrogen ratio lower than 20:1. 

Nitrogen fixation is also observed to have taken place with the blank tests. 
Table 6 shows that at the end of the year some fixation had occurred in all 
cases except with applications of straw and corn stover. The largest amount 

tABLE g 


Summary of blank cultures 


MATERIAt 

] 

INITIAL 

RATIO 

ORGANIC CARBON* 

ORGANIC NITROGEN 

Orig- 

inal 

12th 

month 

Loss 

Gain 

over 

check 

Orig- 

inal 

12th 

month 

Gain 

or 

loss 

Gain 

over 

check 



pounds 

Pounds 

Pound^l 

Pounds 

pounds 

pounds 

pounds 

pounds 

Corn stover 

15 5:1 

23 40 

17 05 

6.35 

0 69 

1,540 

1,300 

-240 

0 

Straw 

15 0:1 

23 40 

17.37 

6.03 

1 01 

1,560 

1,500 

-60 

200 

Wood fiber 

16.1:1 

23 40 

16 90] 

6 50 

0 54 

1,460 

1,405 

-55 

105 

Bluegrass 

14 1:1 

23 40 

18 13 

5 27 

1.77 

1,6.50 

1,555 

-90 

255 

Ragweeds 

13 1:1 

23 40 

18 73 

4 67 

2.37 

1,790 

1,815 

+25 

515 

Tobacco stems 

13 8:1 

23.40 

18 40 

5 00 

2 04 

1,690 

1,675 

-15 

375 

Red clover 

14 5:1 

23 40 

18 19 

5 21 

j 1 83 

1,610 

1,630 

+20 

3.<0 

Sweet clover 

13 0:1 

23.40 

18.38 

5 02 

j 2 02 

1,790 

1,800 

+ 10 

5(K) 

Glucose 

16 11 

23 40 

16 44 

6 96 

0 08 

1 ,4()0 

1,515 

+55 

! 215 

Cellulose 

16 1:1 

23 40 

17 50 

5 90 

1 14 

1,460 

1,440 

-20 

140 

Soil check 

13 3:1 

19.40 

16 36 

3 04 


1.460 

1,300 

-K)0 

1 


* Multiply by 1,000 for 2,000,000 pounds soil. 

of nitrogen fixed was found with the addition of narrow-ratio materials. This 
would seem to indicate that nitrogen-fixing organisms are benefitted by the 
presence of some nitrogen in their energy material. This may be an indirect 
benefit, however, as other microorganisms would bring about a more rapid 
decomposition of such materials and this might render the nitrogen more 
available for nitrogen fixers. 

As previously indicated one series of cultures was prepared with the view of 
determining the degree to which the addition of superphosphate stimulated 
nitrogen fixation. By comparing the amounts of nitrogen fixed (table 6) by 
the phosphate cultures with those of the blanks it will be noted that there is 
no consistent indication that phosphates have had this effect. 



ACCUMULATION OF ORGANIC MATTER IN SOILS 


429 


CONCLUSIONS 

The results obtained with the Ellsworth silt loam soil employed in these 
experiments and under the conditions set up lead to the following conclusions: 

With a given carbon-nitrogen ratio the microbrganic processes taking place in the soil are 
similar, regardless of the organic materials added. 

A ratio wider than 10 to 1 causes the loss of organic carbon from the soil. 

A ratio narrower than 10 to 1 leads to the saving of organic carbon. 

A wide ratio causes nitrate depression over several months whereas a narrow ratio leads 
to the formation of nitrates. 

Wide-ratio materials may be sources of energy for nitrogen fixation, but this nitrogen will 
not be available to crops until losses of carbon have narrowed the carbon-nitrogtn ratio to 
about 10:1. 

Applications of phosphates do not cause appreciably greater nitrogen fixation. 

Sufficient nitrogen to narrow the ratio to about 15:1 favors nitrogen fixation. 
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It is well known that microorganisms in their metabolism absorb certain 
soluble inorganic soil constituents. This is especially true of phosphorus, 
which is found in considerable amounts in microbial protoplasm. This phos- 
phorus, on the death and decomposition of the organisms, may again be made 
available for plant-food. 

Many microorganisms, when growing under favorable conditions, have been 
found to liberate carbon dioxide and bring about a change in the composition 
of the medium upon which they are growing. Water charged with carbon 
dioxide will attack many relatively insoluble soil constituents, among which is 
tri-calcium phosphate, from which soluble phosphates are formed. Then, too, 
the microorganisms, among other products of growth, may form various organic 
acids, which, when they come in contact with the insoluble tri-calcium phos- 
phate, will bring the phosphorus into solution. In this connection it may be 
noted that there is a ^Dossibility that the phosphorus in the bodies of the dead 
organisms may become available through the action of autolytic enzymes 
without the intervention of microorganisms. 

W^hether these reactions will lead to an increase in the water-soluble phos- 
phorus in the soil will depend uj)on whether or not the analytical processes are 
proceeding more rapidly than the synthetic reactions. There is also the pos- 
sibility that the organic phosphorus wrhich is soluble in pure water may be 
more available to the plant than is the inorganic phosphorus from which it was 
produced through the activity of the soil microorganisms. 

In a study of cultures of 20 soil molds, Brown and Smith (1) found that 
Tetracoccosporium paxianum in solution cultures gave an increase in w^ater- 
soluble phosphorus, all the others showing a decrease or a phosphate assimila- 
tion. No definite relationship between phosphate-assimilating power and 
change of reaction in culture solutions was shown. 

The purpose of this work was to study further the assimilation of phosphorus 
by soil microorganisms, the utilization of various carbon compounds, acid 
production and its effect upon the water-soluble phosphorus of the soil. 

EXPERIMENTAL 

Phosphorus assimilation hy molds in dextrose solution cultures 

Two hundred cubic centimeters of a sterile culture medium containing 3 per 
cent dextrose, 0.05 per cent mono-potassium phosphate, 0.2 per cent sodium 
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nitrate, 0.1 per cent potassium chloride, 0.05 per cent magnesium sulfate, and 
0.01 per cent ferrous sulfate in 500-cc. Ericnmeyer flasks were inoculated in 
triplicate with pure cultures of Aspergillus minutus, Aspergillus luchuensiSy and 
Aspergillus terreus. The cultures were incubated at 25®C. for 16 days. After 
incubation, the reaction of the culture medium and the percentage of dextrose 
remaining were determined. The mycelium was removed, weighed, and the 
total phosphorus content determined. The acidity of the culture solution was 
also determined. The quinhydrone electrode was used to determine the pH, 
and the acidity was measured by titrating an aliquot of the medium against 
standard alkali. The dextrose was determined by the modified method of 
Shaffer and Hartmann (2). The phosphorus in the mycelium was brought 


TABLE 1 

Phosphorus assimilation by molds in dextrose solution cultures 


ORGANISM 

RtACriON 

OP 

CL’Lri'RF 

ACIDITY 

FORVtIC 

ACID 

WFTGUT 
OF MY- 
CFLIL'M 
\FTER 2 
WEF.kS 

ro^ IN 

MYCF- 

PC)4 

ASSJ411- 

LATU) 

DI:.XTRt)SE 

IN 

MEDIUM 


pn 

per cent 


per cent 

mgm. 

per cent 

Aspergillus minutus 

6 76 


1 2733 

0 54 

6.88 


Aspergillus luchuensis 

2 57 

9 20 

1 4486 

0 33 

4 78 

0 019 

Aspergillus terreus 

5.64 

1 43 

1 4380 

0 33 

4 75 

0 085 

Control 

5.40 

' i 




3 000 




TABLE 2 

Phosphorus assimilation by Aspergillus luchuensis in sucrose solution cultures 


LENGTH OF 
INCUBATION 

REACTION OF 
CULTURE 

ACimiY \s 
FORMIC ACID 

WEIGHT OF 
MYCELIUM 

ro* IN 

MYCELIUM 

POi 

ASSIMILATED 

days 

pH 

Per cent 

sm. 

Per cent 

mgm. 

11 

3 27 

0 112 

1 5800 



16 

3 70 


1 3646 

0 78 

10 63 

21 

4 33 

0 038 

1.2835 



Control 

5 63 

0 009 





into solution with concentrated nitric acid and determined colorimetricall}' by 
the method of Parker and Fudge (3). The results of this experiment are 
given in table 1. 

Phosphorus assimilation by Aspergillus luchuensis in sucrose and dextrin 

solution cultures 

In the aforementioned experiment Aspergillus luchuensis produced a con- 
siderable acidity in the dextrose medium. This organism was selected for a 
further study of its growth, phosphate assimilation, and acid production using 
sucrose and dextrin as sources of carbon. Cultures were inoculated into a 
liquid medium similar to the one used in the preceding experiment, except that 
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3 per cent of sucrose was used instead of dextrose. Duplicate cultures were 
examined after 1 1 , 16, and 21 days. In addition to the tests made in the pre- 
ceding ex])eriment, qualitative tests for various organic compounds were made. 
These tests showed the presence of formic, acetic, and succinic acids. No 
alcohols, aldehydes, nor acetones were found. The results are presented in 
table 2. 

Qualitative tests showed an almost complete disapi>earance of sucrose after 
21 days. No doubt some of the acids were neutralized by the sodium and po- 
tassium liberated by the utilization of nitrate and a larger phosphate assimila- 
tion. Then, too, there is the possibility that the organism decomi)osed the 
acids further. 1'hc mycelium contained 0.78 per cent phosphate at this time, 
10.73 mgm. of j)hosphate being assimilated. 'Fhe phosphorus in the mycelium 
was not determined after 1 1 and 21 days incubation. Apparently sucrose w^as 
more readily utilized than dextrose by Aspergillus liichuensis. I'hc weight of 
mycelium i)roduced In* Aspergillus luehuensis in sucro.se solution decreased 
with increasing incul»ation period. This was probably due to a solution of the 


TAIJLE 3 


PbospJe'tH', awihhlifhu! h\ Aspcrf^illus Iiuhiiefnh in dextrin solution cultmvs 


Li N't. in oi 
INtlBVTid.S’ 

1 Kl\frioNOF 
j tlUlRK 

s( ri»nY A*? 1 

lOKMir VOID i 

1 

1 W J lOHT or 
Vl^trULM 

1^04 w 
MYCTLIL'M 

POi 

ASSIMILATED 

days 

PII 

per tent j 

1 vm. 

1 

prr cent 

mgm. 

22 

I 4 85 

0 046 1 

1 1 0685 

Trace 


32 

j 

1 0 055 

1 1270 

0 03 

0 3381 

38 

1 4 

0 040 

1 0560 

0 09 

0 9504 

(\introl 

1 43 

1 

i 





mycelium, since the energy material had been quickly utilized and the organ- 
ism could make no further growth. 

(Irowth of this organism was very slow in a dextrin solution medium similar 
to the sucrose medium, except that dextrin was used to supply carbon and a 
part of the phosphate was supplied as di-ammonium phosphate and a part as 
mono*potassium phosphate (table 3). The acidity of the medium was in- 
creased but slightly and the percentage of titrable acidity was low, probably 
because of the liberation of some ammonia from the ammonium phosphate. 
The amount of mycelium produced in 22 days in dextrin solution medium was 
but slightly less than the amount }>roduced in dextrose or sucrose in 16 days 
but the phosphorus content of the mycelium was low and only 0.9504 mgm. of 
phosphate were assimilated after 38 days. 

Phosphorus assimilation by Azotobacter chroococcura in soil cultures 

Another experiment was planned to determine the effect of a pure culture of 
Azotobacter chroococcum upon the water-soluble phosphorus of the soil, and 
also upon chemically pure tri-calcium phosphate when added to the soil. The 
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effect of the native soil flora upon the solubility of tri-calcium phosphate was 
also determined. 

One hundred grams of Carrington loam were placed in each of 54 500-cc. 
Erlenmeyer flasks. There were two series as follows: 


Flask No. 
1 , 2 , 3 
4, 5, 6 
7, 8, 9 
10 , 11 , 12 


13, 14, 15 
16, 17, 18 


Series A sterile 

Check 

Inoculated with Az. chroococcum 
1 gm. of tri-caicium phosphate added 
1 gm. of tri-calcium phosphate added and inoculated with Az, 
chroococcum 

Series B not sterile 

Check 

1 gm. of tri-calcium phosphate added 


One-half gram of dextrose was added to each flask. The moisture content 
of the soil was adjusted to SO per cent of the saturation capacity by the addition 


TABLE 4 

Phosphorus assimilation in Carrington loam hy Azolobacter chroococcum 


WAreR-SOLCBLK PHOSPHOR LN 


TREATMENT 

After 

21 days 

Assimi- 
lated in 1 
21 days 

After 

45 days 

.As-^mi- 
latcd in 
45 days 

After 

90 days 

Assimi- 
lated m 
90 days 


pp.m 

ppm. 

ppm. 

ppm 

p P.m. 

p.pm. 

Sterile check 

3 8 


3 6 


3 8 


Sterilized and inoculated with A. chroo- 
coccum 

1 4 

2 4 

0 6 

3 0 

4 6 

-0 8 

Sterilized and 1 gm. Ca 3 (P 04)2 added . . . 

31 3 


31 0 


28 6 


Sterilized, 1 gm. Ca 3 (P 04)3 added and in- 
oculated with A, chroococcum 

28-0 

3 3 

25 6 

5 4 

34 2 

-5 6 

Unsterile check 

Trace 




0 8 


Unsterilized and 1 gm. Ca 8 (P 04)2 added 

43 6 


1 40 6 


01 2 



of sterile, distilled water. Three sets of 18 flasks each were made up; one set 
was incubated for 21 days, the second set for 45 days, and the third set for 90 
days. At the end of each incubation period the water-soluble phosphorus was 
determined by the colorimetric method of Parker and Fudge (3). 

Table 4 gives the amount of water-soluble phosphorus in parts per million 
for the various treatments and the different incubation periods, and the phos- 
phate assimilated. For the first 21 days there was a decrease of 2.4 milligrams 
and for 45 days, 3.0 milligrams in water-soluble phosphorus in tlie sterile soils 
inoculated with Azolobacter chroococcum as compared to the sterile check soils. 
This w'as found to be true in both the untreated soils and in the soils treated 
with tri-calcium phosphate, the decrease being larger in the phosphate-treated 
soils. This indicates that 'under the conditions of the experiment, Azolobacter 
chroococcum assimilated more phosphorus than was made available by their 
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analytic processes. During the next 45 days there was an increase in water- 
soluble phosphorus in the inoculated soils. This was probably due to the death 
and decomposition of the Azotobacter cells through the action of autolytic 
enzymes, thus liberating water-soluble phosphorus. 

When the sterile check soil to which tri-calcium phosphate was added, is 
compared with the unslerile soil receiving the same treatment, it is apparent 
that the natural soil flora increased the amount of water-soluble phosphorus 
for the first 21 days. This indicates that the soluble phosphorus formed by the 
analytic reactions exceeded the phosphorus absorbed by the synthetic reactions. 
During the next 24 days there was a slight decrease in water-soluble phosphorus, 
which was pro])ably due to the more rapid growth of certain species or the 
dying out of certain other species thus changing the ratio between the analytic 
and tlie synthetic reactions. For the next 45 days there was a large increase in 
water-soluble phosphorus in the unslerile soil, which may be due partly to the 
death and decomposition of the phosphate-assimilating bacteria and partly to a 
shift in species relationshij)s in the soil. 

In the case of the unsterile soil, to which no tri-calcium phosphate was added 
the quantity of water-soluble }>hosf)horus increased during the course of the 
experiment, showing that the natural soil flora of this soil at least, assimilated 
less j)hosphorus than was made available by their analytic processes. 

SUMMARY AND CONCLUSIONS 

Aspergillus luchuensis increased the hydrogen-ion concentration of liquid 
culture media considerably in 11 days to two wrecks but the reaction became 
less acid as the incubation period w^as increased. Aspergillus minuius de- 
creased the hydrogen-ion concentration in dextrose solution cultures after two 
weeks. I'his organism did not produce as much mycelium as Aspergillus 
luchuensis but it contained a larger percentage of phosphorus and assimilated 
more pho.sphate. If the assimilation of phosphorus is accompanied by a de- 
crease in the hydrogen-ion concentration of the culture medium, Aspergillus 
minuius may have produced more acidity than Aspergillus luchuensis ^ the 
acidity being neutralized earlier in the incubation period. The phosphorus 
assimilation by Aspergillus luchuensis was small in dextrin and sucrose solution 
cultures. Azotobacter chroococcum assimilated more phosphorus for the first 
45 days than w^as made available, but for the second period of 45 days more 
phosphorus was made available than was utilized. The addition of insoluble 
phosphate increased the amount of phosphorus assimilated during the first 45 
days of the experiment and also increased the amount of water-soluble phos- 
phorus during the second 45 days. The native soil flora of Carrington loam 
wras more effective in dissolving tri-calcium phosphate than was Azotobacter 
chroococcum. Different species of soil microorganisms probably affect the 
water-soluble phosphorus differently, for some species may have a greater dis- 
solving action than assimilating power, whereas with other species the reverse 
may be the case. 
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The purpose of this paper is to record the main points of interest developed 
by the writer during the past three years of an investigation of chemical meth- 
ods for determining the availability to plants of soil phosphate. Since the days 
of Liebig this has been a live (juestion, and it still lacks a satisfactory answer. 

Available soil ]')hosi)hatc is, for the present ])urpo5e, defined as “that part of 
the soil phosjiliate which may be absorbed or used by ordinary crop plants in 
the jiroduction of plant substances.” Also it is assumed that different species 
of jilants may have quite unlike power to olitain an adequate sujifdy of phos- 
phate from a given soil which h deficient in available phosphate. 

In the endeavor tc) lind a somewhat satisfactory [iroccdure, several methods 
])ro|)osed by others have been examined (the results are reported at the end of 
this jiaper), nnuh exjierimental work has been done, and some new methods 
have been worked out. It is thought that some of the new methods permit a 
closcT a]>j)roach to an ade(}uate solution of the problem than any previously 
published chemical methods. 


INTRODUCTION 

A satisfactory estimation of the availability of soil phosphate by chemical 
methods may be difficult or impossible for several reasons. Some are here 
mentioned. 

Phosphorus occurs in the soil in several forms of combination, both mineral 
and organic. I'his paper is concerned with mineral phosphate only. Apatite, 
CasiPOdoCafV, chlorai)atile, Ca3(POj)i:CaCl2; hydroxyat)atite, (Ca3(P04)2)3Ca 
(OlDo; wxagnerite, magnesium phosphate; and wavellite, aluminum phosphate, 
are soil minerals. According to Russell ( 21 ), h}’droxyapatite is probably the 
chief source of soil jihosphate. These minerals are relatively insoluble in water. 
Since most mineral phosphates are very insoluble in w^ater, there is but little 
POi dissolved in the soil solution at any one time. The amount of PO4 in solu- 
tion is increased by CO2 or other acids, provided they do not at the same time 
increase too much the concentration of those cations which tend fc repress the 
dissolving of ]>hosphate. 

* Division of Plant Nutrition 
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Some students believe that plants have power to absorb certain nutrients 
from the solid state, without first having to be dissolved in the soil solution. 
This is said to be true of phosphates. Also plants have the power of selection 
so that they can take up PO4 without at the same time absorbing the cations 
combined with it. 

Another difficulty in estimating the availability to plants of soil phosphate 
by chemical means is found in the fixation of PO4 by the soil so that it becomes 
insoluble in the soil solution and largely unavailable to plants. The determina- 
tion of whether fixation is a purely chemical phenomenon or is more or less de- 
pendent on surface action and colloidal effects has not been made a part of this 
study. It seems probable that the availability of fixed phosphate depends 
much on the form in which it is fixed, particularly as to whether it is combined 
with Fe, Al, or Ca, but chemical agents do not well separate these different 
phosphates. 

Even though the supply of available phosphate is adequate, plants may fail 
on account of the lack of some other nutrient or perhaps from the presence of 
some unknown or unsuspected injurious or toxic substance or condition, but 
such adversities to plants will have little effect on the solubility of soil phos- 
phate in chemical reagents. Since chemical methods of estimating the avail- 
ability of phosphate depend on first getting it into solution, and since chemical 
solubility may be very little dependent on several of the aforementioned fac- 
tors, it is evident that chemical methods can not well be expected to imitate 
the action of plants in estimating the availability to plants of soil phosphate. 

After plants have grown upon a soil which has been treated with phosphate, 
it seems unreasonable to expect that any chemical test applied to the cropped 
soil will give a proper representation of the soil as the plant had to deal with it 
at the start immediately after the phosphate was addexl, particularly if the 
phosphate was mostly water-soluble at first. 

EXPERIMENTAL 

To enable the reader to understand better the experimental work recorded 
in the following, there is presented on page 439 a tabular statement giving the 
laboratory number, name, response to phosphate fertilizers, and general fertility 
of the soils most used in this work. 

The methods used in obtaining soil extracts for this study are of two kinds: 
equilibrium methods, in which the soil is shaken with a volume of solution for 
some time, then the filtered solution is analysed; and percolation methods, by 
which the soil is percolated with a solvent to more or less complete removal of 
PO4 or other ions, then the percolate is examined. The numerical results ob- 
tained by these two procedures are usually unlike and not properly comparable. 
It is not intended to convey the idea that complete equilibrium is attained in 
the first case, but only a near approach to it; or that complete extraction, only 
approximate, is obtained by percolation. It is thought that in either case the 
process was carried far enough to show the value of the procedure. 
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Character of the soils studied 


NUMBER 

NAME 

RESPONSE TO PO 4 
FERTILIZER 

GENERAL FERTILITY 

1C 

Yolo silty clay loam 

Idttle 

Very good 

30 

Fresno fine sandy loam 

None 

Very good 

3,6 

Farwell sandy loam 

Large 

Low 

37 

Nord sandy loam 

Large 

Low 

38 

Vina silty clay loam 

Little 

Good 

40 

AUamont-Ol}rmpic loam, wash 

None 

Very high 

45 

Aledo, HI., clay loam and rock phosphate 


Good 

46 

Aledo, 111. Same untreated 


Poor 

53 

Delhi sand 

Some 

Fair 

59 

Aiken clay 

Very great 

Medium 

64 

Vina silt loam 

Great 

Poor 

65 

Yolo loam 

Little 

\'ery high 

66 

Aiken clay 

Great 

Medium 

68 

Tejunga fine sand 

Little 

Good 

69 

Sites clay loam 

Great 

Medium 

78 

Fine sandy loam 

Great 

Poor 

80 

Hanford fine sandy loam 

Great 

Poor 


Ef|uilihrium methofls for giving an idea of ihe available PO 4 in a soil are sub- 
ject to the general criticism that the cfTects produced in this way are very un- 
like those produced l)y a f)lant drawing nutrients from the soil in a selective 
manner. In an equilibrium extraction, some of the products of the action of 
weak solvents ma\' tend to repress solubility of PO4, e.g. Ca and Mg brought 
into solution by weak or dilute acids. This has been i)ointed out by Teakle 
(23) and others. 

It seems irrational to at)piy such concentrated acids as have commonly been 
used, such as strong HCl; 0.2 iV HNOg, pH 0.7; or 1 per cent citric, pH 2 . 1 , 
since plants have no such strong solvent agents at their disposal. 

Perhaps the best reason for using equilibrium methods is that they may sup- 
ply useful indications with the least expense of time and labor. A fair idea of 
the power of a soil to supply PO 4 may be quickly had in this way, but at the 
same time the result may give an erroneous notion of the availability to plants 
of the PO 4 thus extracted. 


Equilibrium methods 

Ratio of soil to solution 1:5. Usually 40 gm. of soil was placed in a 400-cc. 
bottle with 200 cc. of solution and agitated in an end over end shaker for three 
hours or more. The mixture was filtered on Whatman No. 12, 24 cm. folded 
filters, and after nearly all the liquid had run through, the solution was ana- 
lysed. PO4 was determined by the molybdenum blue method about as de- 
scribed by Parker and Fudge (19), pH by color comparison, Ca by turbidity 
after adding (NH 4 )aOx, Fe by color comparison after adding K 4 Fe(CN )6 
and HCl 
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A single extraction of any soil by any solvent which changes the pH materially 
gives only a very incomplete picture of the character of the soil in regarci to 
its power to supply phosphate under changing conditions. But by using three 
or four different concentrations of a dilute acid, much more is learned. In 
this, it is impoitant to note the pH of the solution removed from the soil. This 
presumes that only dilute acids are used, so that the pH of the extract never is 
brought below 2. 

In this manner, more than 50 different soils have been examined.. A few 
typical results are presented in table 1 , which gives the figures obtained with 
citric, oxalic, and hydrochloric acidte of 0.005, 0.025, 0.0!50, and 0.100 normal- 
ities. This shows the great differences between different soils and also the 
different results given by the different acids of the same concentration on any 
one soil. These figures indicate something of the buffer power of the soil, or its 
power to neutralize acid, how much acid is needed to reduce the pH of the soil 
to some lower point, and how much PO 4 may be brought into solution at that 
pH. It is apparent that the amount of PO4 dissolved is closely related to the 
pH of the solution when simple acids ^ch as HCl or HNO 3 , and probably also 
CO 2 , are used. Citric and oxalic acids form Soluble complexes with Fe^ and 
other cations, so have greater solvent effect than their concentration of hydro- 
gen ion should give of itself. Oxalic acid is peculiar in that it removes Ca 
from solution at pH above 3 to 4 , thus permitting more PO4 to remain in solu- 
tion than would HCl, H 2 SO 4 , or HNO 3 . Also, citric and oxalic acids are not 
appropriate because they must be removed from the solution before it is tested 
for PO4 content by the molybdenum blue method. Carbon dioxide in equilil)- 
rium at ordinary atmospheric pressure has too small a concentration of hydro- 
gen ion to be an active solvent. But when used continuously as in percolation 
with water saturated with CO 2 , it has great solvent effect since the products of 
reaction are continually removed, thus allowing the reaction to proceed to com- 
pletion in one direction. 7'his largely accounts for the great effects on the soil 
produced by rain water. 

Buffer power of the soil in relation to the solution of soil phosphales by dilute 
acids. The figures appearing in table 1 show how different is the effect of a 
dilute acid on different soils. It seems evident that instead of using the same 
arbitrary concentration of acid on all soils, an amount of acid should be used 
such that the pH of the extract will be the same for all soils. If this is accom- 
plished the results should be properly comparable. I'he figures given in table 
1 may be plotted so that by interpolation or extrapolation the PO 4 soluble at 
any definite pH, such as 4, may be infeired. Figure 1 gives such graphs for a 
few soils, and table 2 gives PO 4 at pH 4 for several soils. T'hesc figures seem to 
give a much better idea of the phosphate-supplying power of the soil than do 
those found by the use of the same amount of acid for all soils, in which case 
the pH of the extracts often differs greatly. 

There are two objections to this method. Unless two points somewhere 
near pH 4 happen to be hit in the determinations, the figure inferred for pH 4 
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may be wide of the truth, and this method requires the preparation and analy- 
sis of three or four solutions. To avoid these objections, it was sought to make 
the extraction by the use of such an amount of acid that the extract would have 
a pH of approximately 4. This was found difficult to accomplish in a simple 
practical way because when a soil is mixed with a dilute, highly ionized acid, 
the pH does not remain at one point for more than a few minutes, and because 
it is necessary to make some preliminary experiments to indicate about how 
much acid will be needed to bring the pH of the soil to any definite point. 



Fig, 1. Relation of PO* in Dilute Acid Extract to pH or the Extract ^ 

The figures given in table 3 show how rapidly the solution changes after acid 
has been added and how greatly soils differ in this respect when the highly 
ionized, slightly buffered HCl is used. Addition of KCl, Suggested by Truog 
(24), to the acid did not give enough buffer effect to be of any advantage. 
When citric acid was used, its buffer power made the change in content of PO 4 
of the solution much slower, but it is undesirable for reasons stated on page 440. 
Acetic acid is little ionized, highly buffered, and otherwise an appropriate sol- 
vent. Although the PO4 content of the extract made with this acid is less 
constant in some cases than when citric acid is used, it seems better adapted 
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for estimating available PO4 than any of the other common acids. Oxalic acid, 
suggested by Vanstone (25), is even less appropriate than citric acid. Some 
of the results obtained with acetic acid are given in table 4. 

TABLE 1 


PO 4 and pH in 1:5 equilibrium extracts of soils with citric, oxalic, and hydrochloric acids of 
four different concentrations 



IQH 


0.025 N ACID 

0.05 N ACID 

0.1 N ACID 



PO 4 

p.p.m. 

pH 

PO4 

p.p.m. 

pH 

POa 

p.p.m. 

pH 

POa 

p.p.m. 

pH 


Citric 

5 

5.2 

16 

4.2 

27 

3.6 

44 

3.0 

1C 

Oxalic 

10 

5.2 

27 

4.4 

50 

3.3 

66 

2.4 

1 

HCl 

5 

4.8 • 

20 

3.8 


2 8 

40 

1.5 

f 

Citric 

24 

4.2 

33 

3 3 

40 

2 9 

57 

2.6 

30 \ 

Oxalic 

40 

3.9 

66 

2 4 

80 

1.8 

80 

1.4 

1 

IICl 

40 

4.8 

80 

2 8 

80 

1.5 

80 

1.5 

[ 

Citric 

40 

5.2 

50 

4 2 

66 

3.6 

66 

3.0 

65 \ 

Oxalic 

40 

5.3 

44 


56 

3 0 

80 

2.0 

[ 

HCl 

40 

5.2 

56 ’ 

3.0 


2.0 

80 

1.5 

f 

Citric 



10.0 

4.4 

13 

3.7 

20 

3.0 

38 \ 

Oxalic 



8.0 

4.8 

20 

3.6 

50 

2 4 

1 

HCl 



3.2 

4.0 

6.6 

2.4 

10 

1.4 


Citric 



8 8 

4.5 

13 

3 6 

22 

3.0 

64 

Oxalic 




5 0 

20 

3.6 

66 

2.4 


HCl 


... 

7.2 

3.6 

10 

2.2 

13 

1.5 

f 

Citric 



5.6 

3.8 

9.0 

3.2 

11.0 

2 8 

35 ] 

Oxalic 



2 0 

4.4 


3.4 

33 0 

2.4 

1 

HCl 



0.8 

3.2 

1.2 

2.0 i 

2.4 

1.4 

( 

Citric 

0.2 

5.2 

0.4 

3.9 

■n 

3.2 

0.3 

2.5 

59 

Oxalic 

0.2 

5.0 

1.0 

4.4 

■n 

3.4 

1.6 

2.5 

1 

HCl 

0.1 

4.2 

0.1 

3.0 

0.1 

2.0 



( 

Citric 

1.0 

7.5 

1.2 

7.3 

1.6 

7.0 

10.0 

4.4 

37 

Oxalic 

1.0 

7.5 

1.2 

7.3 

3.2 

6.8 

11.4 

4.5 

1 

HCl 

0.6 

7.5 

1.2 

7.0 

3.2 

5.6 

11.4 


{ 

Citric 



13 

4.4 

n 

3.6 

26 


36 \ 

Oxalic 

.... 

. . . 

16 

4.8 

■■ 

3.6 

80 

2.4 

1 

HCl 

.... 

... 

8 

4.0 

20 

2.2 

40 

1.8 


Probably a much larger proportion of solvent to soil would make it easier to 
hold the pH of the extract to some definite point. In table 5 are shown some 
of the results obtained with 2 gm. of soil to 200 cc. of solution. Although the 
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concentration of PO4 in the extract is much higher in the 1:5 extracts, the 
amount dissolved from the soils is much greater in the 1:100 extracts. The 
greater proportion of water dissolves much more PO4 from the soil. In the 
more dilute extracts the relative supplying power of the different soils is quite 
different from that found by the 1:5 extraction. But the latter represents 
much better the actual phosphate-supplying power of the soils as indicated by 
growth of plants on them. 

This brings out the point that in most soils only a small proportion of the 
phosphate present dissolves in weak solvents at small dilutions. It seems 
reasonable to think that the nearer the ratio of soil to solution is to the ratio 
existing in a soil where plants are growing, the nearer will the results for PO4 


TABLE 2 

POi in 7:5 equilibrium extract of soils with dilute BCl, at pH 4 by interpolation 


FURTItlTY OF SOIL 


Veo' fertile 


Good 


Aledo, HI., and rock phosphate 

Aledo, 111., not fertilized 

Very poor 


Exceedingly poor, 


SOTLMLUBER 

PO 4 AT pH 4 

1C 

pp.tn. 

17 

30 

44 

40 

23 

65 

52 

36 

4.0 

37 

11.0 

38 

1.5 

68 

14 0 

45 

13.0 

46 

1.4 

64 

1.0 

59 

0.1 

66 

0.1 

69 

0.4 

76 

0.2 


represent the condition wdth which the plant has to deal. The work of others, 
as well as some done during this study, shows that the concentration of PO4 in 
water extracts of some soils is almost the same regardless of the ratio of soil to 
solvent until large dilutions are reached. Results obtained in this study are 
shown in table 6 . 

The same thing is shown in table 7, giving the results from extracting several 
soils with dilute acetic acid with four different ratios of soil to solvent. In 
this experiment, soils 64, 38, 89B, and 91A gave somewhat the same concentra- 
tion of PO 4 in the solution whether the ratio of soil to solution was 1/5 or 1/40. 

Soils 1C, 30, 36, 68, 75, and 80 show increasing amounts of PO 4 extracted 
from the soil as the ratio of solvent to soil is increased, yet the increase in PO4 
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is not equal to the increase in dilution. In table 5 are some figures found by a 
dilution of 1/100, and the other extreme is shown in table 8, with a ratio of 2/1. 
Pot cultures show that the POrSupplying power of the soil is much better rep- 

TABLE 3 

Change in pH and POa udth change in thne after acid has been added 


120 gm. soil shaken with 600 cc. of solution 


son. NUUBER 

0.1 A’ HCl ADDED 

TIMF FOB REACTION 

SOLUTION AFTER FILTERING 

PH 

roi 


CC. \ 



pp.m. 




10 minutes 

2 05 

50 




1 hour 

2.21 

50 

1C 

300 j 


5 hours 

2.62 

29 


1 


24 hours 

3 13 

10 



J 

72 hours 

3 38 

4 



'1 

10 minutes 

2 05 

40 




1 hour 

2 17 

66 

30 

120 


5 hours 

2 31 

100 

1 



24 hours 

2 53 

111 

j 



72 hours 

2 70 

117 




10 minutes 

2 07 

0 88 




1 hour 

! 2 57 

0.58 

35 ! 

200 i 


5 hours 

i 3 19 

0 40 




24 hours 

3 54 

0 28 

j 

1 


72 hours 

• 3 54 

0 20 



f' 

10 minutes 

2 09 

25 0 


i 

1 ; 
1 

1 hour 

2 39 

25 0 

36 

300 , ' 

1 

I 

5 hours 

2 66 

15 0 



1 

24 hours 

3 00 

5 0 



i 

72 hours 

3 21 

2 4 




10 minutes 

2 79 

4 8 




1 hour 

3 17 

2 8 

38 

170 


5 hours 

3 73 

1 7 




24 hours 

4 09 

0 8 



1 

1 

72 hours 

4 05 

0.7 



r 

10 minutes 

2 01 

11.4 




1 hour 

2 31 

8.8 

64 

270 


5 hours 

2.55 

- 4.8 




24 hours 

2 87 

1 6 




72 hours 

3.12 

1.1 


resented by the figures given in table 7, The chief reason for using a 1:5 
ratio instead of 2: 1 of soil and solvent, is that it is much more convenient, and 
still the dilution is not so great that the results are not afjplicable. 
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TABLE 4 

Change in pJl and POt with time after acid has been added 
80 gm. soil shaken with 400 cc. solution 


SOIL 

^VMBF.R 

TIME FOR RFACTION 

0 1 N CITRIC 
AC11> 

pH 



cc. 


1C 

5 minutes 

70 

4.13 


75 minutes 


4 29 


5 hours 


4 46 


16 hours 


4 58 


48 hours 


4 90 

36 

5 minutes 

70 

4 18 


75 minutes 


4 32 


5 hours 


4 40 


16 hours 


4 51 


48 hours 


4 70 

38 

5 minutes 

70 

4 13 


75 minutes 


4 32 


5 hours 


4 51 


16 hours 


4 74 


48 hours 


j 5 17 

30 

1 hour 

5 hours 

1 


i 

24 hours i 

i 

i i 


64 

1 

1 

5 minutes 

1 hour 

5 hours 

1 

1 

t . . 

1 

i • • 

1 

1 


PO 41 N 

SOLUTION 

0.1 N ACETIC 
ACID 

pH 

PO 4 IN 
SOLUTION 

pp.m. 

CC. 


p.p.m. 

8 0 

250 



11 4 


4 04 

12 

11 4 


4 04 

10 

11.4 


4 09 

8 

11 4 




3 4 

270 



6 6 


4 01 

6 4 

6 6 


3.99 

4.4 

6 6 


4 05 

2.8 

6 6 


.... 


1 4 

220 



2 3 


4 05 

1.44 

2 4 


4 09 

1 24 

2 4 


4 13 

1 14 

1 8 

100 

3 97 

19 


1 

1 3 97 

22 

• • i 

1 

4 05 

25 


220 

3 96 

3 2 


I 

4 05 

2 0 


i 

1 

! 

4 03 

1 2 


TABLE 5 

POa extracted fro f ft soils by dilute acetic acid at approximately pU 4 


2 gm. soil to 200 cc. solution shaken 1 hour 


SOIL 

0 l A' H .\c IN 200 cc 

pH 

PO 4 IN SOLUTION 


ct,. 


ppm. 

1C 

10 

4.1 

4 0 

30 

5 

4.1 

2.4 

36 

10 

4 1 

2.4 

37 

20 

4.2 

2.9 

38 

10 

4 0 

1 2 

89B 

5 

4 0 

1.2 


The important points in the preceding discussion may now be summed up to 
show what facts and conditions should be considered in devising a method for 
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TABLE 6 

PO4 in equilibrium extracts of soils with several different proportions of ordinary distilled water 

I RATIO OF SOIL TO WATER 


. 1/2 

1/4 

1/10 

1/20 

1/50 

1/100 

1/500 

1/1.000 


PO 4 p.p.m. in solution 


1C 

0.20 


0.20 


0 20 


0.16 

0.20 

0.12 

0.02 

30 

4 40 


3 ()0 


2.00 


0.70 

0 16 

0 02 

0 

36 


0 50 


0.40 


0.24 

0.20 

0.16 

0.08 

0 

37 


0.50 

.... 

0.60 


0.28 

0 12 

0.10 

0.04 

0 

38 

0.32 


0 40 


0.12 


0 20 

0 12 


0 06 

35 



0 04 


0.04 

.... 

0.06 

0.10 




TABLE 7 

PO\ in acetic acid extracts of soils with various weights of soil to 200 cc. of solvetU mixture^ shaken 

one hour before filtering 



IH 


0 


SOIL 

N'UMDF.R 

SOIL 

0 l .V 

H Ac 

pH 

POilM 

.SOLUTION 


gm. 

cc. 


p p.m. 


gm. 

u. 


p p.m. 


5 

30 

3 97 

6 8 


5 

25 

3 75 

3 0 

1 n i 

10 

46 

3 97 

8 8 

/.Q 

10 

35 

3.71 

4 4 


20 

77 

3 95 

11 4 

UO ' 

20 

55 

3.67 

5 4 


40 

140 

3,95 

13 2 


40 

95 

3.65 

7 2 


5 

21 

3.85 

6 0 


5 

30 

3 90 

12.0 

in - 

10 

28 

3 83 

9 0 

7*; < 

10 

45 

3 96 

10 0 

•jU ' 

20 

40 

3 85 

14 5 


20 

75 

3.92 

27 0 


40 

65 

3.85 

25 0 


40 

140 

3.90 

40 0 


5 

29 

3 92 

3,1 

f 

5 

20 

3.85 

1 4 


10 

43 

3 94 

2.7 

Qnn ) 

10 

25 

3 73 

1.8 

Oi 

20 

70 

3.92 

2.2 

oyli \ 

20 

30 

3 97 

1 2 


40 

125 

3.90 

2.2 

i 

40 

40 

4 01 

1.1 


5 

35 

3.94 

2 0 


5 

20 

3.99 

1.4 


10 

50 

3.96 

2.0 

01 \ i 

10 

27 

4.07 

1.2 

00 ' 

20 

85 

3.92 

2 0 

VIA * 

20 

42 

4 01 

1 0 


40 

150 

3.92 

2,0 


40 

70 

3.97 

1 0 


5 

1 30 

3.96 

3.6 


5 

23 

4 01 

4 4 

Xf\ < 

10 

46 

3.96 

4 8 

07 A i 

10 

30 

4.05 

3.6 

oO 

20 

80 

3.90 

6.2 

9ZA * 

20 

45 

4 03 

2.7 


40 

145 

! 3.92 

8,0 


40 

73 

4.05 

1.5 


5 

30 

4.16 

6.0 





1 

80 ^ 

10 

45 

4.23 

9.0 


. . 

, . 

.... 

.... 

20 

75 

' 4.25 

14.5 



. , 

.... 

.... 


40 

140 

4.29 

20 0 1 


•• 

•• 

.... 

.... 
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determining availability of soil phosphates by equilibrium extracts and to 
give results numerically properly comparable: 

Soils differ in i>ower to neutralize acids, “buffer power.” Acids bring into solution cations 
which lend to remove P 04 from solution between pH 3 and 8. 

Chemical reagents have not the selective power of plants, and plants have no strong solvent 
powers similar to strong acids. 

The best kind and strength of acid for estimating the availability of soil phosphates are not 
known, but it should not be a strong, highly ionized, slightly buffered acid, since such will not 
hold the pH or PO 4 constant for more than a few minutes. 

A highly buffered acid makes it much easier to hold a constant pH and approximately 
constant PCh, though in any case PO4 in solution changes even if pH is held constant, but 
citric and oxalic acids are not appropriate because they form soluble complexes with Ca, Mg, 
Al, and Fe, thus preventing them from having their normal effect on solubility of r 04 at the 
corresponding pH. 


T.\nLE 8 

Equilihrium extracts 
200 gm. soil with 100 cc. dilute acid 


SrOlL NCMni-H 

0 l .Y IK 1 \ srn 

1 

1 pH LXTRACr 

i . . 

PO 4 INFXTRACT 

riUL ALLOWED FOR 
RF.\CIlOM 

1 

rc. 


i 

hours 

1C 

' 60 

4 0 

1 6 

15 

30 

30 ! 

4 0 

40 0 

4 

35 

1 50 

3 7 1 

0 2 

4 

36 

100 

4 4 

1 3 

15 

37 

tiO* 

5.2 

2 6 

15 

38 

55 

4 8 

04 

15 

(A 

75 1 

4 2 

0 3 

15 

76 

30 

3 4 

0 8 

4 

70 1 

1 50 

j 3 8 

0 2 

4 


♦ A HCl. 


Acetic acid has not these defects, is well buffered, and is convenient. 

To be pro|K*rly comparable, all extracts should have approximately the same pH, say 4, and 
all other conditions of making the extracts, such as time, volume of solution, and method of 
shaking, should be similar. 

Time required to reach equilibrium is not known but if 24 hours be taken arbitrarily, it will 
be sufficient for most soils and the results will be comparable for all. 

The amount of acid needed for any particular soil must be found by experiment. 

Most previous investigators have not controlled these conditions adequately in order to 
obtain properly comparable results. 

To avoid these difliculties as much as possible, the following described pro- 
cedure is proposed as being practical, easily executed, not very time-consuming 
or expensive, and as giving results properly comparable, as well as may be ex- 
pected of any empirical procedure. 

Availability test for soil phosphate. A preliminary test is made to learn ap- 
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proximately how much acid is needed to bring the soil to pH 4. Place 10 gm. 
of soil in a 100-cc. bottle with 10 to 20 cc. of water. Close the bottle with a 
soft rubber stopper and shake vigorously a few seconds. Remove the stopper 
and press the end against a white porcelain plate, making a mud spot. Place a 
drop of suitable indicator on the mud spot. This gives a good indication of the 
pH of the soil. Now add a little 0.1 N HAc to the mud in the bottle, shake 
again, make another mud spot, and determine the pH. In this way, continue 
until a pH of 4 is obtained. This requires only a few minutes. Next calculate 
how much acid will be needed to bring 40 gm. of soil to pH 4. To each of 
three 300-cc. bottles add 40 gm. of soil and 200 cc. of dilute acid. One bottle 
should have about half as much acid as is calculated to bring the soil to pH 4, 
one bottle should contain the estimated amount and the other considerably 
more than that amount of acid, but the total liquid should be the same in all 
three. 

Shake the bottles in an end over end shaking machine for 5 hours, let stand 
over night, then shake again for 3 to 4 hours. Shaking by hand is much less 
effective, and unlikely to give comparable results. After the shaking is fin- 
ished, pour the contents of the bottles upon fluted filters. The filters should 
be previously moistened with dilute HCl and washed free of acid by water, so 
that they wdll not change the pH or PO4 content of the extract. Some of the 
first of the filtrate is rejected. After the remainder is collected, the pH is de- 
termined and the PO4 is estimated by the molybdenum blue method. Park- 
er's (19) procedure is followed. 

In this way, three values of pH and PO4 for each soil are found. These 
figures may be plotted; then from the graph, the POt of the soil at exactly pH 4 
may be read off. 

This test gives information in regard to the buffer power of the soil, how it 
will be affected by acid, and how much PO4 wdll be dissolved at pH 4 or some 
other convenient point. 

Rate of solubility curve. By using several different ratios of soil to solvent, 
Vanstone (25) derives from the results a curve indicating the relative availa- 
bility of soil phosphate. In his examples, the chemical tests seem to agree fairly 
well with field results. Similar results are given by Simon (22). In applying 
this method to several of the soils used in this work the results do not show the 
same availability of soil PO4 as is shown by pot and plot tests with plants. 
The laboratory results are set out in table 6. Just as in other equilibrium stud- 
ies, the figures obtained for most soils show fairly well the relative availability 
of the soil PO4. But some marked exceptions with all these methods greatly 
reduce the value of the results as a means of estimating the fertility of an un- 
known soil. In this respect, the Vanstone method seems no better than most 
other equilibrium methods. In all the modifications of this method here tried, 
the results obtained for soils 38, 64, and 80 do not agree with results of pot 
cultures. In the latter, soil 38 has generally shown a good availability of PO4 
to tomatoes, alfalfa, and barley, whereas soils 64 and 80 fail to give satisfactory 
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crops without added PO4, yet the chemical equilibrium tests indicate that 
these soils contain more avilable PO4 than soil 38. 

Percolation methods 

The percolation method of extracting PO4 from a soil is more like the action 
of plants than the equilibrium method, since it removes from the soil the prod- 
ucts of the action of the solvent, and thus permits the reaction to go toward 
completion in one direction. In beginning this study, it was hoped that perco- 
lation methods would give some measure of the power of a soil to rcnew^P04 
in the soil solution after the easily soluble PO4 had been removed. J. W. Tid- 
more and L. Meyer, working independently in this laboratory, at about the 
same time sought to attain the same end by different methods (see p. 461). 

The methods, described in the following, have been in use here for three 
years, have been applied to hundreds of different soils, and have given results 
in most cases according fairly well with the character of the soil as shown by 
growth of plants in pots or in the field. 

Two concentrations of acid, 0.()()1 N and 0.05 Ny have been used. The pro- 
cedure is essentially the same with both, though the apparatus used with the 
more dilute acid is capable of much more precise control so that the results are 
more easily reproducible. 

The details of procedure arc about as follows, so far as the soil is concerned. 

Twenty grams of the soil is placed in a filter tube 48 mm. in diameter. The 
soil rests on a bed of filter paper pulp 5 to 8 mm. thick, supported on a filter 
plate. If the soil is fine in texture, some acid-washed white sand is mixed wdth 
it to aid in percolation. This sand is quite fine, nearly pure quartz. It has a 
slight fixing power sv) that a small amount of POi is retained b)' the sand when 
a dilute solution is passed through it. However, it was found that after 1 
liter of 0.001 N HCl had been passed through it, ])ractically the whole 0.2 mgm. 
of PO4 added to the sand was recovered. So there is no fear that the sand will 
retain any of the PO4 extracted from the soil. 

When the filter tube with the soil and wfith added sand, if necessary, is set up 
it is connected with an elevated reservoir of the dilute acid by a pressure tube 
about 1.6 m. long, and the acid is allowed to percolate through the soil at the 
rate of about 1/3 liter an hour coniinuou.sly for about 20 hours until very little 
PO4 is found in the percolate or until a definite volume of percolate has been 
collected. Originally the percolation was continued until nearly complete ex- 
traction of the PO4 soluble in that reagent was obtained. Lately the procedure 
has been standardized so that 7 liters of percolate are taken for each soil. 

Percolation with 0,001 N IICL With this procedure, the percolate is collected 
in a train of liter bottles in such manner that the contents of the seven bottles 
represent successive stages in the extraction. The percolates are analyzed 
separately so that the rate of extraction of PO4, and the Ca and the pH of each 
may be determined. When the apparatus is set up and percolation started, it 
proceeds automatically without attention except to see that the supply reser- 
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TABLE 9 


PO4 extracted from soils by percolation with 0.001 N and 0.05 N HCl 


SOIL 

ACII> 

PO 4 IN SPCCESSIVE l-HTEB POETIONS OF PE&COLATE 


mu 

AVAIL- 

NUMBEB 

NOR- 

MALITY 

1 

2 

3 

4 

5 

6 

7 


H 

ABLE 



pp.m 

ppm. 

pp.m. 

p.p.tn. 

p.p m. 

p pM 

p.pm. 

Imgm 

p p.m. 

per cent 

icj 

0.001 

1 5C 

2 65 

2 60 

2 65 

2 50 

2 00 

1.65 

15.75 

787 

1 82 

0 05 

17. OC 

1 10 

0.5 

0 30 

0.30 

0.20 

0.10 

19 30 

965 

75 { 

0 001 

3 60 

4 40 

4 40 

3 20 

1.60 

0.80 

0.52 

18 92 

946 

} 

0.05 

18 00 

2 70 

1.00 

0 54 

0 54 

0.54 

0.40 

23 76 

1,188 

30 1 

0 001 

0 05 

5 00 
20 00 

4.40 

1 00 

2 70 
0 50 

2 (X) 
.0..30 

1 10 
0 30 

1.00 

0.10 

0 90 
0.10 

17.10 

22.30 

855 

1,115 

} 

S3 1 

0.001 

2.10 

1 80 

1 50 

1.20 

0 80 

0 ()0 

0 5 

8 35 

417 

} 

0 05 

6.40 

l.()0 

0 50 

0.22 

0 20 

0 14 

0 10 

9.16 

458 

68 1 

0 001 

5 00 

6 20 

4 40 

2 80 

2 00 

1 40 

3.0 

22.80 

1,140 

1 92 

0 05 

22 00 

2 00 

0 40 

0.20 

0 10 

0 10 

0.0 

24 80 

1,240' 

00 

0 001 

0 14 

0 16 

0 12 

0 08 

0 06 

0 04 

0 04 

0 64 

45/ 

i 

0 05 

0 40 

0.16 

0 10 

0 08 

0 07 

0 06 

0 04 

0 91 

36 1 

0 001 

0.75 

1.65 

2 00 

1 65 

1.65 

1 40 

1.25 

10 35 

517! 

1 

0 05 

11 00 

0 88 

0.44 

0 34 

0.29 

0 25 

0 20 

13 40 

670 

37 { 

0.001 

1 10 

1 15 

1 10 

1 10 

1 10 

1 10 

1.10 

7 75 

387,' 

[ 59 

0.05 

10 80 

1.60 

0 31 

0 20 

0 16 

0 12 

0 08 

13 30 

663) 

38 1 

0 001 

0,40 

0.80 

1 24 

1 44 ! 

1 16 

0 50 

i 

0 40 j 

5 94 

87 

32olj 

0.05 

4 00 

1.00 

0 48 

0 31 

0 25 

0 20 

0.16 

6 40 

64 1 

0.001 

0 08 

1.60 

1 60 

1.44 

0 88 

0 88 

0.88 

7 96 

398, 

[ 56 

0 05 

8.00 

3 20 

0 80 

0.70 

0.60 

0 40 

0 40 

14 10 

705 

00 

0 

1 0.001 

0.88 

1.76 

2.00 

2 00 

1.60 

1.10 

1 00 

11.00 

550 

> 60 

0 05 

16.00 

2.90 

0.20 

0.10 

0 10 

0.06 

0 04 

19.40 

970 j 

35 1 

0.001 

0.02 

0.04 

0.04 

0.04 

0.04 

0.06 

0 07 

0.31 

15 1 

13 

0.05 

0.66 

0.44 

0.29 

0.25 

0.25 

0.22 

0.20 

2.31 

115j 

» { 

0.001 

0 

0 

0 

0 

0 

0 

0 

0 

ol 

0 

0.05 

0 10 

0.04 

0.01 

0.01 

0.01 

0 

0 

0.17 

8J 


89B 1 

0.001 

1.16 

2.00 

1.36 

0.80 

0.60 

0.54 

0.40 

7.06 

3531 

44 

0.05 

7.20 

2.20 1 

1.40 

1.30 

1.30 

2.00 

0.90 

16.20 

810j 


voir of dilute acid is kept filled. When one soil is sufficiently extracted, it may 
be quickly replaced by another, a new set of collecting bottles is set in position 
and the process continues without further attention. 
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It is obvious that in order to have truly comparable results with different 
soils, all variables except the soil, should be kept out of the procedure. This is 
fairly well done by the apparatus used. It has been more fully described in 
another paper (13). The rate of flow of the dilute acid through the soil varies 
somewhat from moment to moment, but averages very nearly 1 liter every 


TABLE 10 

Analyses of soil percolates made with 0.001 N BCl 


PERCO- 

pH 

Ca 

VOi 

pH 

Ca 

PO4 

pH 

Ca 

rf )4 

pH 

Ca 

PO4 

LATE 













NUMBER 


ppm 

ppm. 


ppm 

ppm. 


p.p.m. 

ppm 


ppM 

p.pm. 


Soil 38 

Soil 64 

Soil 35 

Soil 59 

1 

4.0 

14 

0 16 

4 0 

14 

0 08 

3 6 

12 

0 

4 0 

20 

0 

2 

3.8 

14 

1 08 

4 0 

14 

1.32 

3 4 

16 

0 

3 6 

6 

0 

3 

3 6 

22 

1 44 

4.2 

14 

2 00 

3 3 

10 

0 

3.2 

3 

0 

4 

3 4 

18 

1 44 

3 8 

14 

1 60 

3 2 

6 

0 

3.2 

0 

0 

5 

3.4 

10 

1.08 

3 4 

10 

1 32 

3 2 

2 

0 04 

3 0 

0 

0 

6 

3 2 

6 

0 56 

3 2 

6 

1 00 

3 0 

1 

0 07 

3.0 

0 

0 

7 

3.2 

6 

0 48 

3 0 

2 

0 80 

3 0 

0 

0 07 

3 0 

0 

0 


Soil 1C 

Soil 30 

Soil 37 

Soil 80 

1 

6 2 

4 

1 50 

4 6 

12 

5 00 

6 8 

5 

1.10 

5.2 

6 

0.88 

2 

5 6 

.S 

2 65 

3 3 

1 

4 40 

6 : 

7 

1.15 

5 2 

6 

1.76 

3 

4 4 

7 

2 80 

3 2 

0 

2 70 

5.4 

12 

1.10 

4 2 

14 

2.00 

4 

4 2 

7 

2 65 

3 2 

0 

2 00 

5 4 

15 

1 10 

3 8 

10 

2.00 

5 

4 0 

7 

2 50 

3 0 

0 

1 10 

5 4 

12 

1 10 

3 4 

6 

1.60 

6 

3 7 

4 

2 00 

3 0 

0 

0 95 

5.4 

10 

1.10 

3 0 

3 

1.10 

7 

3 4 

3 

1,65 

3.0 

_ _____ 

0 

0 90 

5 2 

8 

1.10 

3 0 

tr. 

1.00 


Jl4 mgm. CallPOA, 
2IItO 

66 mgm. Cai{P 0^2 

0.2 gm. white rock 
phosphate 

0.2 gm. black 
rock phosphate 

1 

3.6 


66.00 

3 4 


40 00 

3 

6 

15.6 

3.4 

15 

25.0 

2 

3 0 


6 20 

3 0 


0 36 

3 

4 

10 8 

3 0 

12 

21.0 

3 

3 0 


0 96 

3 0 


0 30 

3 

3 

7.3 

3.0 

8 

15,4 

4 

3 0 


0 34 

3 0 


0.24 

3 


6.6 

3.0 


13,5 

5 

3.0 


0 26 

3 0 


0 20 

3 


6 3 

3.0 


7.3 

6 

3 0 


0 24 

3 0 


0 18 

3 


5.6 

3 0 


5.2 

7 

3 0 


0.22 

3.0 


0 20 

3 


5.3 

3 0 


3.1 


three hours. Starting with 20 gm. of soil, nearly all the PO 4 soluble in 0.001 N 
acid is extracted from good soils by 7 liters of percolate, but not all is removed 
from some of the soils having the PO 4 in less available condition. The rate of 
flow being nearly constant, and the aliquots of percolate being of the same 
volume, the results for different soils are thought to be properly comparable. 
The figures obtained for a number of soils are set out in table 9, which also 
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gives the figures found when 0.05 N acid was used. The figures reveal the 
great difference between soils as to solubility of PO 4 . Some, such as 1C, 36, 
38, 65, have considerable buffer power so that much of the free hydrogen ion of 
the first liter of acid passing through the soil fs neutralized with the result that 
there is little change in pH of the soil and consequently little PO 4 dissolved. 
As the buffer effect of the soil is overcome, pH is lowered and PO 4 in the per- 
colate increases to a maximum, which depends on the rate of flow and the 



Fig. 2. PO 4 in Extracts Made by Continuous Percolation with 0.001 N HCl 

character of the soil. Other soils, such as 30, 53, 68, have little buffer power 
and this is soon overcome by the dilute acid so that the highest concentration 
of PO4 is found in the first liter of percolate, and rapidly decreases thereafter. 
At first, it was thought that this indicated how the soils would respond in sup- 
plying PO4 to a growing cirop. Experience has not yet shown whether or not 
this is true. 

In the use of this method, it is a very simple matter to determine Ca by tur- 
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bidity and pH by color comparison in the separate bottles of percolate. From 
1 to 2 hours’ time is enough to make all the tests for two soils, in the 14 bottles. 
This information often helps much to understand the nature of the soil. Table 
10 presents some of the figures thus found. Most of the easily soluble or re- 
placeable Ca, presumably Mg also, is soon removed along with the easily 
soluble PO 4 . When the soil contains much CaCOs, this neutralizes the acid and 
prevents lowering of pH, so PO 4 is not so rapidly extracted. This is showm by 
soil 37 which contains 1 j)er cent CaCOa. Some soils such as 35 and 59 contain 
a fair amount of PO 4 , but it is firactically insoluble in 0.001 N acid. In such 
soils, usually the amount found in the percolate increases slowly for some time 
as the volume of percolate increases. In these, it seems probable that the PO 4 
is combined with Fe or Al in the .soil in such manner that it is not soluble in 
0.001 N HCl. When the POi is combined with Ca, it is easily dissolved by 
this acid (table 10 , in which the action on CaHP 04 and Ca 3 (P 04)2 and on 
two rock phosphates is shownV In this work, HCl is the acid used because of 
its convenience and the easy solubility of its reaction products. HNO 3 works 
in the same way and is more to be expected in the soil solution, but it is likely to 
interfere in the colorimetric estimate of PO 4 . HCl of 0.001 N strength has a 
pH of about 3, somewhat similar to that of water saturated with CO 2 and per- 
ha];>s not greatly different from the j)H of the .sap of some plants. It has veiy 
little action on soil silicates or zeolites excct)t to replace imperfectly Ca, Mg, Na 
and K. 

Percolation with 0.05 N HCl. This concentration of acid was selected be- 
cause it seems strong enough to remove from the soil all the POi that plants 
arc likely to be able to extract within many years. It almost completely re- 
j)laccs bases, Ca, Mg, Xa, and K. It com]>lelelv extracts POi from Ca 3 fP 04)2 
arul from ordinary rock phosphates. It (li^solvcs some iron and silica, usually 
very little from ordinary soils. In order to carry the extraction of PO4 to 
completion with 0.05 N acid, the dissolved substances must he removed so that 
the reaction can go to com})letion in one direction. This is accomplished by 
continuous percolation. 

The concentration of hydrogen ion in this acid, about j)H 1.35, is sufficient 
to overcome ciuickly the buffer power t)f 20 gm. of ordinary soil .so that the 
larger portion of the available POi is removed In* the first liter of percolate. 
Succeeding liters of percolate contain less and less PO4, as shown in table 9 . On 
account of the rapid removal of the PO4 by this acid, little useful information is 
obtained by testing each liter of percolate separately, so the whole is collected 
together. Some relatively infertile soils still give up appreciable amounts of PO4 
to 0.05 N HCl after 7 liters have percolated through 20 gm. of soil at the rate 
of 200 to 300 cc. an hour. This is true of soils 35 and 64, and of 59 to which 
considerable amounts of superphosphates have been added. Very little PO4 
is extracted from untreated soil 59. In many cases the amount of PO4 extracted 
by percolation with 0.05 N HCl fairly well represents the capacity of the soil 
to supply PO4 to crops, but perhaps not as well as the 0.001 N percolate. 
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Since carbonic acid is perhaps the most important in its effects of any free 
acid usually found in the soil, it would seem reasonable to use this agent for ex- 
tracting PO4 from the soil. For this purpose, a modification of the apparatus 
used for percolating with 0.05 N HCl was made in order to use water saturated 
with CO 2 under a head of about 1 .5 m. of water. The gas was caused to bubble 
into the lower end of the column of water which was flowing to the percolator. 
From the top of this column, the CO 2 passed into the reservoir which supplied 
the water so that the water was kept saturated with the gas at all times, at that 
temperature and pressure. The pH of this solution as it passed to the soil in 
the closed percolator was about 3, like that of 0.001 N HCl, but the total acid- 


TABLE n 

POi extracted from soils by various solvents^ and by different procedures 


TOTAL 

BV 

FUSION 

r04 IN SOIL 

EQI'ILIB- 

JtlViS 

WITH 

WAIEK, 

1 1 

PO 4 IN SOLUTION AT 1 5 EQUILIBKIUW WITH ACIDS 

By hot 
HCl, 
10 per 
cent 

By percolation with 

Normality of HCl 

Normality of citric 
acid 

0 05 N 
HCl 


B 

0.01 

0.02 

0 20 

1.0 

0 025 

0.05 

0 20 

p.p.m. 

p.pm 

ppm. 

ppm 

ppm 

P P 

pp.m 

ppm 

ppm 

ppm 

ppm 

ppm 

ppm 

2,000 

1,160 

680 

660 

307 

0 18 

4 

10 

50 

200 

11 4 

27 

66 

1,600 

1,370 

1,197 

702 

290 

8 00 

40 

80 

166 

310 

35 

40 

88 

2,400 

1,120 

140 

0 

0 

0 12 

0 16 

0,24 

10 

44 

5 6 

8.8 

11 

2,500 

1,020 

418 

420 


0 30 

2 3 

9 4 

36 

160 

13 

20 

36 

2,400 


494 

829 


0 47 

0 

0.2 

25 

m 

5 


44 

2,500 

990 

320 

210 

40 

0.22 

0.8 

1 2 

13 

57 

10 

13 

24 

3,300 

2,720 

1,430 

1,100 


1.40 

13 

20 

166 

360 

33 


160 

3,800 


1,850 



0 40 

5 

13 



13 



1,600 


80 



0 

1.2 

1 2 2 



5 6 



2,000 

100 

tr . 



0 

0 

! 0 

0 3 

1 

0 6 

0.7 

! 2 

1,700 

1,180 

650 

360 

63 

0 16 

04 

2 

50 

100 

‘ 10 

13 

27 

2,800 


1,170 

1,170 

• r • 

3.4 

35 

60 

200 

280 

80 


182 

1,600 

1,210 

12 

0 


0.14 

0 3 

0.4 

1 4 

100 

2 3 


3.2 

450 

340 

50 

13 


0,20 

1 4 

1.8 

8 

22 



6.6 

1,150 

950 

795 

00 

128 

0 30 

2.3 

27 

118 

200 





BOIL 

NUUBKV 


1C 

30 

35 

36 

37 

38 
40 

45 

46 
59A 

64 

65 
69A 
78A 
80 


ity, found by titration, was about 0.05 N, like that of the HCl u.sed in the same 
way. In other words, little of the CO 2 was ionized, the solution was highly 
buffered, and its solvent power approached that of 0.05 N HCl. In table 11, 
column 5, are given a few figures showing the results obtained by the use of 
this acid. Since it is very inconvenient to use, and the results it gives are no 
more significant than tliose obtained with HCl, its use was not long continued. 
Although the water solution of CO 2 entering the percolator had a pH of about 
3, the solutions coming from the percolator, when the pressure no longer con- 
fined the gas, had a pH near 5. 

More dilute solutions of CO 2 in water were tried but their solvent power was 
so little that they seemed impractical. Water containing CO 2 at pH 5, which 
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is about that of ordinary distilled water, must be percolated through a mass of 
20 gm. of good soil for many days in order to extract as much PO4 as will be 
removed by 7 liters of 0.001 N HCl in IS hours (table 12). For the practical 
purpose of estimating the easily available PO4 in a soil, water containing none 
or only small amounts of CO2 is very ineffective. A greater concentration of 
hydrogen ion than can be had in this way is necessary to produce much solvent 
effect. 

In table 1 1 are presented the results of analyses of several different soils by a 
number of different procedures with various solvents of different strengths. 
There are three subdivisions of the table; first, the total PO4 found by fusion, 
and by hot 10 per cent HCl; second, PO4 found by percolation; and third, the 
PO4 found in equilibrium extracts. The figures are thus assembled to facili- 
tate comparisons of the different methods. In most cases, the total PO4 found 
by fusion and that extracted by strong hot acids, has little relation to the value 
of the soil as shown by plants, so that such determinations are generally useless 


TABLE 12 

PO4 extracted by percolating with ordinary distilled water* 


Mill. Nt'MUKR 

POi IN SOIL 


ppm. 

1C 

307 

30 

290 

35 

0 

38 

40 

64 

63 

80 

128 


• 'I’he same appaiatus and procedure were u^cd as with 0 05 A' HCl. 

Volume of percolate, 6-7 In all except 55, there was still much PO4 in the last 

percolate, showing that the soil wa.s not nearly exhausted of water-soluble PO4 b}" this method. 


for indicating the fertility of the soil. Equilibrium extracts with dilute w^eak 
acids supply much more useful figures. The best indication is the result 
found by percolation with very dilute acids. This will be considered in more 
detail later. 

Relative solubilities with different solvents. The amount of PO4 extracted 
from soil by any of the aforementioned methods, either by equilibrium or by 
percolation, does not always indicate whether or not the PO4 thus obtained 
will be supplied to plants by the soil in such manner or rate that it will support 
good growth of crops. Other students of this subject have reached a similar 
conclusion. To provide a more reliable or adequate notion of availability, the 
factor ‘‘relative solubility” has been introduced. One of its most prominent 
advocates is Lemmermann (14), who has contributed numerous papers on this 
subject. He extracts soil with hot 10 per cent HCl and with 1 per cent citric 
acid. When the PO4 extracted by the latter is less than 25 per cent of that dis- 
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solved by the HCl he consideis that the soil is likely to respond to phosphate 
fertilizers. In this laboratory, a number of soils treated by this method gave 
results not in accord with their behavior in pot cultures. It may be that the 
amount and concentration of the acids used by Lemmermann are not well 
adapted to our soils. The principle seemed worthy of further study. It was 
applied to a number of combinations of different solvents without giving re- 
sults of much value, except in one case. The results are given in table 13. 

The Lemmermann numbers shown in this table in the column headed 100 
C/B show some of the soils in their proper relations, but others are far from 
correct; e.g. 59, 64, 78, the poor soils, are made to appear better than they really 


TABLE 13 

Relative solubilities of soil phosphate 


SOIL Nt’MBFR 

RELATIVE SOLtrUILITY 

100 (’ 

If 

100 T> 

A 

100 E 

D 

1C 

5 7 

48.0 

82 

30 

6 4 

70.0 

76 

35 

1- 

6 0 

7 

36 

3.5 

27 0 

77 

38 

2.4 

13.0 

87 

40 

5.8 

43.0 

60 

53 

5 6 

57.0 

91 

59 

2 0 

0 0 

! 0 

64 

2 3 

39 0 

56 

69 

0 2 

0 7 

0 

78 

2.0 

1 10 0 

71 

80 


j 84 0 

60 


' 100 C/B is Lcmmcrmann^s factor of availability. 

A = p.p.ra. ro 4 in soils found by fusion (see table 11). 

B « p.p.m. PO 4 in soils found by equilibrium hot 10 per cent HCl (see table 11). 
C ®= p.p.m. PO4 in .soils found by equilibrium 0.2 N citric acid (see table 11). 

D « p.p.m. PO4 in soils found by percolation with 0.05 A" HCl (see table 9). 

E « p.p.m. PO4 in soilsfound by percolation with 0.001 A’ HCl (see table 9). 


are. In the column headed 100 D/A the valuations are more nearly right, 
although in this, soils 38 and 64 are not in proper relation to each other. In 
the column headed 100 E/D, 38 and 64, as well as all the others, receive cor- 
rect values. 

Relative solubility of soil PO 4 in 0,001 N and in 0,05 N HCl, by percolation. 
In all cases so far observed, it is found that if the PO4 extracted by percolation 
with 0.001 N HCl is less than half as much as is found by similar treatment with 
0.05 N HCl, the soil is likely to be deficient in power to supply phosphate to 
plants. On the other hancT, good soils give up nearly as much PO4 to the weaker 
as to the stronger acid. The results for a number of soils are given in table 9, 
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in the last column of which is shown the percentage of PO4 by percolation with 
0.001 A HCl of the amount found by 0.05 N HCJ. This gives soils 64 and 80 a 
low ratio of availability of PO4, although the amounts extracted are higher than 
for soil 38, which gives good results in pot cultures without added PO4, whereas 
64 and 80 require phosphate in order to produce good crops. When the abso- 
lute amount of PO4 extracted by either of these acids is very low, as in soil 78A, 
crops respond to added phosphate even though the relative solubility of that 
originally present is high. 


TABLE 14 

Phosphate-supplying power of soils 


As related to particle size- -per cent clay X p.p.m. extracted with 0.05 N HCI by 

percolation 


SOIL NI MBF’R 

CLAY 

VOi 

CL\Y X POi 


Pfr cent \ 

ppm. 

1 

1C i 

42 

680 

28,560 

21 

5 

525 

2,625 

30 i 

7 

1,197 

8,400 

35 i 

29 

140 1 

3,060 

36 

i 30 

418 

12,540 

37 

1 39 

494 

20,000 

38 

52 

320 

16,640 

40 

31 

1,430 

44,330 

44A 

40 

i 100 

4,000 

53A 

4 

! 500 

2,000 

54A 

42 

175 

7,350 

55A 

37 

860 

31,820 

56A 

40 

490 

19,600 

5QA 

48 

ir. 

48 

64 

10 

350 

i 3,500 

65 

32 

1,170 

37,440 

66A 

42 

6 

288 

68A 

12 

1.100 

13,200 

69A 

50 

1 

12 

600 


Amount of phosphate in various sized particles 

An attempt to explain the relative fertility of soils 38 and 64 on the basis of 
the amount of PO 4 in large and small sized particles gave no useful information. 
The soils were separated into sand, silt, and clay fractions by sedimentation in 
water. The PO 4 in the various fractions was determined but the figures ob- 
tained were so similar for the two soils that the differences seemed inadequate 
to explain the great difference between the two soils respecting available phos- 
phate as indicated by the growth of plants. 

It is evident that the physical texture of a soil may greatly affect the avail- 
ability of the soil phosphate. A fine textured soil has vastly more points of 
contact for plant roots than a coarse soil, so that a much lower concentration of 
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PO 4 in the fine soil may furnish a more adequate supply to plants than would a 
coarse soil having a much higher content of PO4 in its larger particles. 

Failyer, Smith and Wade (10) indicate that in most of the soils examined, the 
concentration of PO4 in various sized particles is greater as the size of the par- 
ticles is smaller. 

An attempt was made to correlate the availability of soil phosphate with the 
proportion of fine material in the soil. The percentage of clay in the soil was 
multiplied by the number of parts per million of PO4 found by percolation 
with 0.05 N HCl. In general, the higher the figure thus obtained, the greater 
is the amount of avilable PO4 in the soil. But the availability of PO4 in some 
sandy soils such as 30 and 68 , is much underestimated by this method, whereas 
soils 38 and 64 receive a relatively proper value. The figures obtained by this 
calculation are shown in table 14. 


TABLE 15 

Comparison of phosphate extracted by equilibrium and by percolation 


P04 IN SOIL 


SOIL NUMBER 

Equilibrium extracts, 1 

5 with 

1*10 with 

0 2V HNOa, 
Erap'* method 

1 

Percolation extracts, with HCl 

0 02 N HCl 

0 20 X citric 

1.0 JV HCl 

0 001 X 

0 05 X 


ppm. 

pp.m. 

ppm. 

ppm 

ppm. 

ppm. 

1C 

50 

66 

200 

400 

787 

965 

30 

166 

88 

310 

1,120 

855 

1,115 

35 

10 

11 

44 

80 

15 

115 

36 

36 

36 

160 

220 

517 

670 

37 

25 1 

44 

160 

250 

387 

663 

53 

100 

44 

160 

500 

417 

458 

59 

0,3 

2 

1 

2 

! 0 

8 

38 

13 

24 

57 

80 

1 297 

320 

64- 

50 

V 

100 

270 

398 

705 


Relative amounts of phosphate extracted from soils in equilibrium extracts compared 
with amounts found by percolation with different acids 

The data shown in tables 11 and 12 permit a comparison better shown by 
recombination of the figures in table 15, 

It is apparent that the amount of PO4 extracted increases as the strength of 
the acid is increased and that very much more PO4 is obtained by percolation 
with the dilute acids than in equilibrium extracts made with much more con- 
centrated acids. Exceptions are soils 35 and 59A which have relatively very 
little available phosphate. Such soils would show no available PO4 to the 
dilute acid used in percolation if it were not for the large volume of acid used in 
percolation. 

It appears to be a general law with respect to solubility of soil phosphate 
that PO4 dissolved increases as concentration of hydrogen ion increases, and 
also as the volume of solvent is increased. 
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From table 11, it may be seen that there is no relation between the total PO 4 
in a soil and the available PO4 extracted by dilute acids. 

Effect of several salts on solubility of soil phosphates 

To 100 cc. of water were added 50 gm. of soil and 1 gm. of the salt. After 
being shaken one hour, the mixture was filtered and the filtrate tested for PO4. 
Soils 1C, 36, 37, 38 were used in the experiments. When FeS 04 , CUSO 4 , and 
CuCb were used, no POj was found in the filtrates. 

With NH4CI, (\fl 4 )oS 04 , NH4NO3, CaClo, CaS 04 , BaClj, NaCl, Na 2 S 04 , KCl, 
and K^SOi there was about as much PO4 in the extracts as with distilled water 
alone. Ammonium oxalate and ammonium citrate gave extracts containing 
about 10 times as much POi as did distilled water. 

There seemed to be no useful information obtained in this way, so the study 
was not long continued. 

METHODS PROPOSED BY OTHERS 

In the course of this study, several methods proposed by others have been 
studied brietly. The work of von Wrangell and collaborators (27, 28, 29, 30, 
31 ) is most instructive. Time and suitable equipment have not been available 
to the writer to re])eat or verify the very interesting, painstaking, and funda- 
mental work of these investigators in respect to soil phosphates and their avail- 
ability to plants. 

Von Wrangcjrs work 

Shortly after the main grouj) of papers from these workers were published, 
there appeared in Chemical Abstracts brief mention of them, but these abstracts 
did not make evident the importance of the work done. Indeed, it seems prob- 
able that few except German workers in this field have yet heard of, or become 
impressed by, this work. The wTiter did not know of it until after the work 
here ret)orted w\as done. The conclusions of von WTangeil seem to be supported 
by such work done in our laboratories as has any bearing on the subject. 

The chief factors to be considered in evaluating the ability of a soil to supply 
PO4 to growing plants have been very well ennumerated by von Wrangell (27, p. 
637): (a) The kind of plant, (6) presence of lime salts, (c) effects of electrolytes 
and organic substances in the soil, {d) the reaction and absorbtive power of the 
medium in %vhich the plant grows, (c) action of microflora. Also it is important 
to know the time rate at which a soil will regain its original concentration of 
PO4, after it has been depleted by extraction with water or by growing plants. 

In executing the von Wrangell method, 1 gm. of soil is shaken five hours with 
100 cc. of water. The solution is clarified by centrifuging, the clear fluid is 
siphoned off, and the soil is again shaken with 100 cc. of water as at first, and 
thus a second extract is obtained. Sometimes further extractions are made in 
the same manner. 
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The PO4 found in the two extracts is designated a and b, then by the formula 
a^/a-b = Xy is found the total available PO4 in the soil. If the necessary ma- 
chines are available the method is short, simple, and convenient. Prof, von 
Wrangell states that the results obtained are in good accord with the results of 
pot cultures and field tests. 

The writer attempted to obtain similar results by separating the soil extract 
by filtering, as a suitable centrifuge was not available. This makes the method 
tedious and less exact than that proposed by von Wrangell, but the results 
seemed to agree, for most of the soils tried, with the knovrn character of the 
soils in respect to capacity of the soils to supply phosphate to plants. If this 
method is found by general experience to prove as reliable as its author pre- 
dicts, it will, perhaps, replace most. other methods now in use. 

For estimating the availability of phosphate in calcareous soils, Das (6) has 
suggested the use of potassium carbonate. Such a reagent may hydrolyze 
iron and aluminum phosphates, making PO4 soluble, also replacing Ca in 
CaHP04, thus bringing PO4 into solution. Such an alkaline reagent also dis- 
solves much organic matter, including some organic phosphorous. It is diffi- 
cult to separate organic from inorganic phosphorous, also the solution is trou- 
blesome to prepare for analysis by the molybdenum blue method. Some 
trials of the method in this laboratory indicated that the results obtained 
by it have little relation to availability of the phosphate in nearl}’ neutral 
soils. 

The Neubauer (15) method for determining the availability of soil phosphate 
has not been investigated during this study. It is a plant culture, not a chem- 
cal method. A good comparison of the Neubauer and Lemmermann methods 
is given by Engels (9) and by Blanck (3). In this country, Neubau'^r’s method 
for potassium has been studied by Ames and Gerdel (1), and by Haley and 
Holben (12). As applied to phosphate, there seems to be no published re[>ort 
of work with the method in tliis country. 

Arrhenius (2) proposes to extract the soil with a 1 per cent solution of NaCl 
containing enough H2SO4 to make the solution about 0.002 i\' in hydrogen ion. 
As might be expected, the writer found that the PO4 thus extracted is about the 
same as if the dilute acid alone were used. This method does not give proper 
relative values to the power of the soils examined to supply plants with 
available PO4. 

Dirks and Scheffer (7) add to 100 gm. of soil, 1 gm. CaCOa and 250 cc, water, 
then pass CO2 through the mixture. After some hours, PO4 is determined in 
the filtrate. The results obtained in this laboratory by this method were not 
in agreement with the results shown by plants on the same soils. 

Christensen (5) has proposed the use of Azotobacter as an indicator for 
availability of soil phosphate. His method has been modified and used by 
Niklas and others (16, 17', 18). A trial of it in this laboratory failed to give 
useful results. Yet Winogradsky (26) says it gives reliable results in 85 per 
cent of the tests. 
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Dyer (8), in 1894, proposed 1 per cent citric acid as an agent for determining 
available soil PO 4 . Much useful information has been obtained in this way, 
yet the results are not always satisfactory. 

Many investigators [notable among them is Fraps (11)] have used 0.2 N 
HNO 3 for determining the availability of soil phosphate. Some have used 
much stronger acids, e.g. Lemmermann who used hot 10 per cent HCl com- 
I)ared with 1 per cent citric acid to give his factor for “relative solubility’’ as 
already exi>lained (p. 455). Fo the writer, it seems that the use of so drastic a 
reagent as hot 10 per cent HCl to extract available PO 4 from soil is unlikely to 
indicate the behavior of the soil with growing plants. 

The opposite extreme is found w'ith those who use water only to determine 
PO 4 is soil. \ arious ratios of soil to water have been tried, all the way from 
the displaced soil solution as obtained by Hurd and Martin (4), to the 1 to 100 
ratio used by von Wrangell. L’ndoubledly the soil solution indicates what the 
plant has to deal with at the time the extract is made, but since the soil solution 
may change from day to day, it docs not show what the j)lant can obtain from 
the soil over a considerable period of time. This might be expected, since only 
a small amount of soil phosphate which is available to plants from soils having a 
good supi)]y of available jihosphalc, is dissolved in the soil solution at any one 
time. 'Ilie same is probably true in regard to soil extracts made with larger 
ratios of water to soil, unless it be that when the ratio is wide, as in the method 
of von Wrangell (1 soil to 100 water), all the easily available PO 4 is 
brought into solution. 

Meyer, a collaborator with von Wrangell (31), obtained somew^hat useful 
results in this laboratory in 1927 by making repeated extractions of the same 
small portions of soil with lOO times as much water, a variation of the von 
Wrangell method. The plotted results gave a curve indicating fairly well the 
availability of the .soil ])hosphate. 

At about the same time, J. W. Tidmorc in this laboratory made successive 
diffusions of a small amount of soil in collodion bags suspended in water, by the 
method of Pierre and Parker ( 20 ). The amount of PO 4 found in the successive 
diffusates was plotted to produce a curve which indicated fairly well the ability 
of the soil to supply j^hosphatc to plants. The process was prolonged and 
tedious, though not requiring a great deal of time or attention from the opera- 
tor. Much lime was required because a considerable fraction of the PO 4 
dissolved by the w^ater remained in the colloidon sack with the soil each time 
when the diffusate was removed from the outside container. Although the 
figures obtained by Meyer and by Tidmore in most cases gave a useful indica- 
tion of the power of the soil to supply phosphate to plants, the results were not 
always in accord with the growth of plants in those soils as related to available 
phosphate. 

Apparently no one of the published methods has been found always reliable, 
so the search still continues. 
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CONCLUSIONS 

In the opinion of the writer, a satisfactory estimation of the availability of 
soil phosphate by extraction with any one solvent of whatever strength will not, 
in some cases, be possible. Relative solubility and the total PO 4 dissolved in 
two solvents of quite different strength, but neither of them strong enough to 
cause much decomposition of the soil, provide figures much better indicating 
the capacity of the soil to supply plants with phosphate. 

A fairly reliable estimate of the phosphate-supplying power of an unknown 
soil may be most easily and quickly obtained by analysis of the extract made 
by the aid of a dilute acid which has been added in such amount that the extract 
will have approximately pH 4. When there is some uncertainty in regard to 
the availability of the phosphate thus found, the more certain, as well as more 
laborious, method of ‘'relative solubility’’ should be applied. 

The equilibrium test will at once indicate the very poor and the very good 
soils, with the least time and expense. The percolation tests will give more re- 
liable information in uncertain cases. 

The only certain means of determining the response of a soil to fertilizers 
lies in the actual trial with plants in greenhouse or field. 

SUMMARY 

Some reasons why a satisfactory estimation of the availability of soil phos- 
phates by chemical methods is difficult are: 

Phosphate found in soils is mostly present in relatively slightly soluble combinations, so 
that the concentration in the soil solution is never high. 

Plants have selective action in absorption of nutrients, and also it seems probable that 
plants are able to take up ions such as PO4, K , perhaps others from films of solution not repre- 
sented by solutions prepared in the laboratory. 

No chemical agent can4mitale these effects of plants on soils. 

Many soils have such high fixing power that an easily soluble phosphate added to them is 
quickly fixed, thus becoming more or less unavailable to plants. 

Deficiency of other necessary plant nutrients in the presence of sufficient phosphate, or 
presence of excessive amounts of soluble salts or toxic substances in the soil, may cause the 
failure of plants. 

Test of a soil some time after phosphate has been added and after plants have grown on it 
subsequent to addition of the phosphate cannot show the condition of the soil with which the 
plant had to deal at the start. 

Equilibrium, 1 :S extracts of soils with dilute acids provide the simplest and 
quickest means of obtaining some idea of the available phosphate, although 
such extracts do not always give a correct idea of the relative power of different 
soils to supply phosphate to plants. Extracts made with three or more differ- 
ent concentrations of an aqid give a much better picture of the available PO4 
than is obtained by any single extract. Extracts thus made show only the PO4 
available at the time of extraction, not the relative supplying power of the soil 
for any great length of time. 
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Citric and oxalic acids, because they form soluble complexes with Fe, Al, Ca, 
and Mg (the cations which tend to repress solubility of PO4), are not appro- 
priate for determining the availability of soil phosphates. 

A solution of CO 2 in water would be very appropriate for the purpose if it 
were easily possible to duplicate conditions at will, but its application is too 
difficult. 

Dilute K 2 CO 3 hydrolyzes some phosphates and thus brings PO 4 into solution, 
but the results do not seem to have much bearing on availability. 

If results of tests of different soils are to be compared, the buffer power of the 
soil must be reckoned with. The amount of acid used in making an extract 
should be varied according to the buffer power of the soil so that the extracts of 
all soils will have the same pH, e.g. 4. This means that some soils will need two 
or three times as much acid as others to have an extract with pH 4. 

Since it is difficult to prepare a soil extract of exactly pH 4, or other definite 
figure, the PO4 dissolved at any such definite point may be found exactly, by 
making three extracts with three different concentrations of acid, plotting the 
results and from the grajffi finding the PO4 at the desired pH. For this pur- 
pose, a highly buffered acid is desirable. Acetic is ver>" appropriate, much 
better than HCl. 

The amount of PO4 dissolved increases as the volume of solvent is increased, 
up to a large dilution. Water extracts of some soils have almost the same con- 
centrations of PO4 regardless of the volume of water used, up to a dilution of 
100 or more water to 1 soil. 

The results of such equilibrium extractions seem to be more in accord with 
plants^ response the nearer the proportion of water to soil is to that in the actual 
soil. Put since such extracts are difficult to prepare, a ratio of 1 soil to 5 water 
serves very well and is more convenient. 

Vanstone’s “rate of solubility curve’’ does not in all cases express the plant 
availability of soil phosphate. It seems to offer little advantage over other 
equilibrium methods. 

Percolation methods of making soil extracts resemble the action of a plant 
more than equilibrium methods, yet do not show the power of the oil to con- 
tinue supplying PO4 so well as was expected and hoped. In these methods the 
soil is percolated slowly with very dilute acid till most of its soluble PO4 is re- 
moved. An automatic apparatus for percolation has given very good results. 
Curves formed by plotting the results from percolation extracts are characteris- 
tic of the soil’s individual power to supply phosphate. 

Percolation with O.OS N HCl is supposed to dissolve from a soil all the PO4 
that may be expected to be avilable to plants for many years. 

Carbonic acid, 0.05 N, has much the same solvent power as HCl, but is very 
inconvenient. 

Water alone, or containing only a little CO2, is so poor a solvent for soil PO4 
that it seems inadequate as an agent for estimating availability by percolation 
methods. 
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Relative solubilities. No single method of extracting PO4 from soil, whether 
by equilibrium or by percolation, has been found always adequate to show 
whether a soil will supply phosphate to plants in sufficient amount and at a 
rapid enough rate to support satisfactory plant growth. But the relative 
solubility in two reagents of different power seems to give a figure which indi- 
cates very well the phosphate value for many soils. When the PO4 found by per- 
colation with 0.()0l N HCl is 60 per cent or more of the amount found by 
percolation with 0.05 N HCl, the soil will supply plant growth adequately, 
provided the total found by O.OOl N’ HCl is 300p.p.m. or more. When the PO4 
extracted by the more dilute acid is less than 50 per cent of the amount dissolved 
by the 0.05 N acid the soil is likely to be deficient in supporting plant growth 
even though the total amount found by the 0.05 A" acid is adequate, provided it 
were available. The greater the difference in the amounts extracted by the two 
different concentrations of acid, the more likely is the soil to be deficient in 
supplying phosphate. 

In general, more of the PO4 in soils is contained in the fine than in the 
coarse particles, and the finer the particles the more available the PO4 will be 
to plants. But when the percentage of clay and silt in soils w*as multiplied by 
the number of parts per million of POi found in the soil, the figures did not al- 
ways properly represent the PO4 supplying power of the soil. 

PO4 dissolved from soil by an acid increases as the pH of the soil decreases 
and as the ratio of solvent to soil increases. 

In making equilibrium extracts 1 per cent of a number of common salts added 
to the water did not much change the amount of PO4 dissolved. Salts of iron 
and copper greatly decreased the PO4 dissolved. 

The method proposed by von Wrangell appears very promising so far as the 
writer has been able to test it, which is very little. 

The methods proposed by Arrhenius, extraction wdth 1 per cent NaCl in 
0.002 N H2SO4; by Dirks and Scheffer, extraction with CO 2 and CaCO»; by 
Christensen’s Azotobacter method; by Dyer’s 1 per cent citric acid extract; by 
Fraps’ 0.2 N HNO 3 method; by water extracts with varied proportions of soil 
to water; and by Lemmerman’s ‘‘relative solubility” method; have been ex- 
amined and none of them found generally successful with all kinds of unknown 
soils, though all of them may give quite useful information when applied to the 
kind of soil for which they were designed. 

Successive water extracts made by the method of diffusion with collodion 
bags give a much better indication of the continuous supplying power of the 
soil than do single equilibrium extracts but do not with certainty give proper 
relative values to all soils. 


REFERENCES 

(1) Ames, J. W., and Gerdel, R. W. 1927 PotaRsium content of plants as an indicator of 

available supply in soil. Soil Sci. 23 : 199-2 16. 

(2) Arrhenius, 0. 1929 The phosphoric acid question in the cultivation of sugar cane in 

Java. Chem.Abs. 23: 2780. 



AVAILABILITY OF SOIL PHOSPHATK 


465 


(3) Blanck, E. 1926 A contribution to the determination of the soiFs need for fertilizer. 

Ztschr. PJIanzemrndhr. Dungung. «. Bodenk. (B) 5: 118; also Jour, Landw, 
(1928). 75: 343-52. 

(4) Burd, J. S., and Martin, J. C. 1923 Water displacement of soils and the soil solution. 

Jour. Agr. Set. 13: 265-295. 

(5) Cjiristp.nsen, IIarald 1915 Studies on the influence of soil conditions on bacterial 

life. Centbl. Bakt. 43 (I I) ; 1>1 66. 

^ 6 ) Das, S. 1926 Determination of PO 4 in calcareous soils. Chem. Abs.K): 2038. 

,/(7) Dikks, B., and SciiEFFKR, K. 1928 Rapid methods for the determination of the 
phosphorus requirements of soils. Landw. Jahrb. 07 : 779. 

(8) Dyi.k, Bernard 1894 Analytical estimation of probably available mineral plant 

food in soils. Trans. Chew. Soc. 65: 115-167. 

(9) Engels, D 1920 Comparison of the methods of Ncubauer and Lemmermann. 

Zistkr. Pjlanzenernahr. Dungung, u. Bndenk. (B) 5: 537. 

(10) Failyer, (i. H., Smith, J. G., and Wadi:, H. R. 1908 The mineral composition of soil 

particles. U. S. Dept. Agr Bui. Soils Bui. 54. 

(11) Fraps, G. S. 1909 Active phosphoric acid and its relation to the needs of the soil for 

phosphoric acid in pot experiments. Texas Agr. Exp. Sta. Bui. 126. 

(12) Haley, D. E., and IIolrfn, F. J. 1927 A biological measurement of available soil 

potassium. Soil Sci. 24 : 345-350. 

(13) Hibbard, P. L. 1930 .An aparatus for percolation at a uniform constant rate, etc. 

Indus, and Rngin. ( 'hem. Anal. Ed. 2 : 404. 

(14) Lemmermann, 0. 1923, 1926 Methods for determination of relative solubility of 

soil phosphate. Ztschr. Pjlanzenernahr. w. Dungung. (A) 2. 363-70; (B) 5: 105- 
118. 


(15) .Nedbauer, II., and Schneider, W. 1923 Food consumption of germinating plants 

and their use in the determination of the fertilizer requirements of soils. Ztschr. 
Pjlanzenernahr. n. Dungung. (.A) 2: 329- 362. 

(16) Niklas, H., and Hock, A. 1927 The biochemical .\zotobacter method for testing the 

phosphate needs of soil. Ernahr. Pjianze. 19: 297-300. 

(17) XiKLAs, II., Scharrkr, K,, and Strobei, A. 1926 'Phosphate solubility and growth 
. of Azolobacter. Landw. Jahrb. 63: 387-410. 

(fS) XiKL IL, AND Hirschrkrger, W. 1925 .\ new method for the rapid determination 
of t he phosphoric acid requirements of our soils. Chem. A hs. 1 9 ■ 1610. 

(19) Parker, F. W., and Fi'dge, J, F. 1927 The colorimetric determination of organic and 
inorganic phosphorus in soil extracts and in the soil solution. Soil Sci. 24: 109- 


117. 

(20) Pierre, W. H., and Parker, 1^’. W. 1927 The use of collodion .sacks in obtaining 
dear soil extracts for the determination of water-soluble constituents. Soil Sci, 


23' 13-32. 

(21) Rcsslee, E. J. 1921 Soil Condition^ and Plant Growth, p. 120. Longmans, Green 

and Co. London. 

(22) Simon, R. H. 1930 Effect of phosphate and lime upon the rate curve of solubility of a 

Wooster silt loam soil. Soil Sci. 29 : 71. 

(23) Teakle, L. j. H. 1928 Phosphate in the soil solution as affected by reaction and 

cation concentration. SoilSci.lS: 143-162. 

(24) Truog, E. 1930 The determination of readily available phosphorus in soils. Jour, 

Amtr.Soc.Agron.22: 874. 

(25) Vanstone, E. 1925 Available phosphate in soils. Jour. Agr. Sci. 

(26) Winogradsky, S. 1928 Note on the Azolobacter test for available phosphate in soils. 

Compt. rend. Acad. Sci. (Paris). 187: 161-165. 



466 


P. L. HIBBARD 


(27) Wrangell, M. von 1926 L Soil phosphate and need for phosphate. Landw, Jahrh. 

63: 627“668; II. Colorimetric method for determination of PO4, IhU, 63: 669- 
675. 

(28) Wrangell, M. von 1930 III. The determination of available plant nutrients in the 

soil. IHd, 67: 149-169. 

(29) Wrangell, M. VON AND Haase 1926 IV. Phosphate content of natural soil solution. 

Jbid, 63: 707-738. 

(30) Wrangell, M. von and Koch 1926 Solubility laws as applied to tertiary phos- 

phates. Ibid, 63: 677-706, 

(31) Wrangell, M. von, and Mayer, L. 1926 V. A study of the root soluble portions of 

soil phosphoric acid, a comparison of the Neubauer method with the expressed 
solution colorimetric method. Ibid, 63: 739-775. 

Brief abstracts of articles I-V appeared in Chem, Abs, (1927) 21 : 2752, 2857, 4003. 



THE AVAILABILITY OF THE NITROGEN IN FARM MANURE 
UNDER FIELD CONDITIONS 

A. FLOYD HECK 

University of Wisconsin^ 

Received for publication July 14, 1930 

A great deal of work has been reported on the availability of the nitrogen 
from farm manure: lly far the greater part of this work has been conducted 
in the laboratory or greenhouse. A recent paper (5) from this laboratory is of 
this nature, and shows that little other than the liquid manure or ammonia 
nitrogen is available for jilant growth. These results support the findings of 
Barthel and Bengtsson (1,2) who report that only the ammonia nitrogen in 
manure is available. Reliable field data on this subject are not so plentiful. 
Most of the field data with farm manure are reported in acre yields from a given 
applic ation of manure in tons an acre and as a rule neither the amount of nitro- 
gen recovered in the crop nor the amount and kind of nitrogen added in the 
manure are reported. The Ohio (7) results are somewhat of this nature but if 
average (•onij)osition for the crop yields arc used,):hc results show an (ivailability 
of the nitrogen in the manure varving from nothing to about 30 per centJ 
Figures olitained in this way are too indefinite to be of any great value. The 
work done at the New Jersey (6) station furnishes more data and shows that 
during a period of 20 years, from 13 to 21 per cent of the nitrogen in cattle 
manure is recovered in the crops grown after its ap[)lication. This work was 
done (luring four consecutive 5-year periods and is supplemented by chemical 
analyses. In this work lime shows a slight detrimental effect which increases 
with time, but the availability of the manure nitrogen used without lime in- 
creased slightly in the later j)eriods of the experiment. In this experiment the 
amount of manure used was much in excess of the amount that would ordinarily 
be used in general farming, 

|From Rothamsted, Hall (3) reports a 30 per cent utilization of manure nitro- 
gen by mangels) w^hich is much higher than those from the New Jersey station, 
Hansen (4) reports work from Aarslev (Denmark) showing a recovery of from 
33 to 58 per cent of the nitrogen applied in farm manure. This work was done 
with carefully analyzed manure which was applied at the rate of 1/2, 1, and 
1 1/2 units (1 unit equals 9,000 kgm.) per hectare. Crops were then grown in 
rotation and the nitrogen recovery obtained by analyses of the crops produced. 

These figures, taken together, show a (variation in nitrogen recovery from 
nothing to as much as over half of the total nitrogen in the manure.) This 

^ From the department of soils. 
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Variation is no doubt due to the variation in the quality of the manure and 
also to the way it was handled in its application)^ From previous work (5) it 
is logical to conclude that (the value of farm manure is in direct proportion to 
the amount of liquid manure nitrogen which it con tains jwhen it is incorporated 
into the soil, and as a general rule(j[ow availability of nitrogen from farm manure 
means cither a heavy loss of the liquid manure or ammonia nitrogen or the 
incorporation of excessive amounts of straw as bedding.) 

FIELD EXPERIMENT WITH FARM MANURE FOR SPRING BARLEY 

A field study on the availability of the nitrogen in farm manure was con- 
ducted with spring barley. Fermented and fresh cattle manure and artificial 
manure were used. The dung andjiquid manure were used alone, together, 
and also combined with stmw as bedding. The liquid and solid portions of 
the manure were each obtained separately, analyzed, and then used in the 
proportion (by weight) of 74 per cent dung, 20 per cent urine, and 0 per cent 
straw'. The straw w’as mixed grain straw cut into 1 /2-inch lengths and con- 
tained 1 per cent nitrogen. (The fresh manure w^as applied to the land imme- 
diately and either plowed down at once or allowed to dryj as the case might 
be. In one case it was allowed to stand in a closed container for three days 
and ammonify before application. The ingredients for the fermented manure 
were mixed together in the fresh condition and then allowed to ferment in a 
closed container for six weeks before application. (The two artificial manures) 
were made 18 months previously, by allown'ng moist grain straw to decompose, 
one with and the other without the\^pplicalion of ammonium sulfate) This 
manure was w^ell rotted and contained very(i^ittle other thaiKorganic nitrogen^ 

The plots were laid out in the field on alight sandy soil, rather low in organic 
matter and nitrogen.] The plots w’ere 6 by 1 1 feet and the manure was applied 
to this area at the rate of 12 tons (wet) of complete manure to the acre. Seven 
feet (14 rows, 6 inches apart) on one end of each plot w^as .seeded to barley and 
the other 4 feet was kept clean cultivated ffallowO. Tw'o row^s on the ends and 
12 inches on the sides of each plot were used as border so that the harvested 
plot w^as exactly 4 by 5 feet, 20 square feel, or 10 row^s 6 inches apart and each 
4 feet long. The plots w’ere grouped in two series of 7 plots each, making a 
rectangular tract 22 by 42 feet with the two control plots on opposite corners. 
The barley w^as planted in a solid block 14 feel wide in the middle of this tract, 
leaving the outside end of each plot clean cultivated for nitrate studies. All 
operations were carefully done by hand. Figure 1 shows the plan of these 
plots. 

The kinds of manure used and the methods of handling the manure for the 
various plots are as follow^s: 

1. Control. 

2. Complete fermented manure — ^i^lowed down at once. 

3. Complete fermented manure— received 1/2 inch of rain at once, was then allowed to 

dry before plowing down. 
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4. Complete fermented manure — allowed to dry before plowing. 

5. Complete fremented manure — top-dressed and disked in at once. 

6. Artificial manure, made without ammonium sulfate, plowed down at once. 

7. Artificial manure, made with ammonium sulfate, plowed down at once. 

8. Fresh manure, urine only — ^ploivcd down at once. 

9. Fresh manure, dung only — plowed down at once. 

10. FVesh manure, dung and urine- plowed down at once. 

11. Fresh manure, dung, urine, and straw — plowed down at once. 

12. Fresh manure, dung, urine, and straw — allowed to dry before plowing down. 

13. I'resh manure, dung, urine, and straw, ammonified three days before application — 

allowed to dry before plowing down. 

14. Control. 

All plots received superphosphate and potassium chloride. These applica- 
tions were made in such a way that the phosphorus and potassium added in 



Fio. 1. Fl.-IN of S.MALL FlhLD PLOTa USLD TO DkTERMINE THE NiTRO&LN AVAILABILITY OF 

Manure 


the fertilizer, plus that added in the manure, would be approximately the 
same for all plots and this amount high enough to eliminte as much as possible 
the phosphorus and potassium factors. The manure was to have been applied 
at the rate of 12 tons an acre, but a slight error in measurement at the time 
of its application caused this, as well as the P and K fertilizer, to vary some- 
what. These have been figured to accurate acre applications and these figures, 
together with the jimounts of nitrogen applied per acre in the manure, are given 
in table 1. 

The manure for plots 3, 4, 12, and 13, on which the manure was allowed to 
dry before plowing, was applied during the afternoon of April 22. The ma- 
nure was spread evenly over the plot and allowed to dry until April 26 when 
the manure was applied to the other plots and all were plowed. Plot 5 was 
top-dressed just before seeding. 
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The weather conditions were not favorable for drying and loss of nitrogen, 
as there was only about 15 hours of fair drying weather. This was followed by 
two days of rain (1.15 inches) accompanied by low temperature and high rela- 
tive humidity. . Table 2 shows the weather conditions during this period. 

The barley was seeded with a Planet Junior garden drill in rows 6 inches apart 
running across the plots. After the barley had come up, any vacant spaces in 


TABLE 1 

ApplUalions per acre of fertilizers and manure for barley 


PLOT NOUBEft 

SUPEB- 

PnOSPHATE 

KCl 

11ANUSE 

Urine 

nitrogen 

NITROGEN 

Ammonia 

nitrogen 

Total 

nitrogen 


Pounds 

pounds 

tons 

pounds 

pounds 

pounds 

1 

355.0 

266.0 


.... 

.... 


2 

98. S 

98.5 

11 82 


72.5 

137.1 

3 

97.0 

97.0 

11.66 


71.4 

135.1 

4 

95.7 

95.7 

11.5 


70.4 

133.2 

5 

94.2 

94.2 

11.33 


69.3 

131.2 

6 

93.0 

93.0 

11.16 



136.0 

7 

88.0 

88.0 

10.56 



171.1 

8 

264.0 

88.0 

0.211 

61.7 


61 7 

9 

93.0 

186.0 

8.258 



59.0 

10 

94.2 

94.2 

11.33 

65 3 


125.1 

11 

95.7 

95.7 

11.5 

66.4 


141.5 

12 

97,0 

97 0 

11.6 

67.25 


143 5 

13 

98.5 

98,5 

11,82 

72 6 


LSI. 7 

14 

355.0 

266.0 






TABLE 2 

Weather conditions during drying of manure 



MEAN 

TEMPERA- 

TURE 

RAIN 

WIND 

VELOCITY 

RELATIVE 

HUIUDITY 



inches 

miles an hour 

per cent 

April 22 


0 

3.8 

47 

April 23 



6.9 

47 

April 24 

48 

0 41 

7 8 

88 

April 25 

48 

0.74 

14.4 


April 26 

54 

0 

9.6 

53 


the rows longer than 3 inches were planted with sprouted barley. This pro- 
cedure insured a very uniform stand, as may be seen in table 6. 

The fallow ends of the plots were used for nitrate study. Beginning May 15, 
samples for nitrates were taken at 15-day intervals up to June 29. The sam- 
ples were taken in three parts, first 6 inches, second 6 inches, and second foot, 
and each sample was a composite from two borings. The two borings of each 
sample were mixed and sifted while moist through an 8-mesh screen. A 
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sample of about 100 gm. was rapidly dried on the hot plate or in the oven at a 
temperature not to exceed 60° C. Nitrate determinations were made by the 

TABLE 3 

Seasonal accumulation of nitrate nitrogen under fallow on the manure ploh^ and also the residual 
nitrate nitrogen under barley at harvest 


Pounds per acre 2 feet 


PLOT NUMBLR 

NITk \TE NT! kOGEM 1 NDF.R FALLOW 

KESIUL'AL NITRATE 
NirROGLN 
UNiJER BAREEV 
AT HARVEST 
JUNE 29 

May 15 

M ay 30 

June 14 

June 29 

3 

9 2 

17 5 

18 0 

19 0 

6 8 

2 




mmm 


3 




HBIH 

6 25 

4 




iPfl 

6.75 

5 





6 25 

6 



14 6 

23 0 

6 25 

7 

7 0 

9 0 

15 0 

42 7 

3 75 

8 

81 1 

70 8 

69 6 

70.5 


9 

8 1 

11 9 

12.1 

21.5 


10 

32 8 

41 6 

28.9 

149 0 


11 

17.4 

51 6 

52 5 

79 0 


12 

24 9 

29 4 

37 6 

60.6 


13 

22.7 

20 9 

42 5 

67.6 


14 

9 5 

13.0 

18 3 

34 4 



TABLE 4 


Yields, nitrogen contents, ami amounts of nitrogen per acre in the barley crop 


PLOT 

TOPS 

ROOTS 

SUBBLF 

NUMBER 

Wei^iht 

NitrO£:pn 

,Ni(ro;:en 

1 WeiRlit 

Nitrofjen 

Nitrogen 

Wei^Mll 

Nifoifcn 

Xitropcn 


jicr acre 

content 

per acre 

1 per acre 

content 

per acre 

pc'- acre 

content 

per acre 


pounds 

per cent 

Pi>unds 

pounds 

per cent 

pounds 

pouruts 

per cent 

pounds 

1 

1,118 

1.35 

15.1 

504 

1 29 

6 5 

206 

0 88 

1.8 

2 

4,461 

1.54 

68 7 

682 

1.32 

9 0 

398 

0.84 

3,3 

3 

3,660 

1 66 

60 8 

787 

1.46 

11.5 

427 

0 88 

3 7 

4 

3,615 

1 48 1 

53 5 

687 

1.35 

9 3 

365 

0.90 

3.3 

5 

4,351 

1 76 

76.6 

672 

1.57 

10.5 

422 

0.92 

3.9 

6 

1,101 

1.60 

17 6 

345 

1.38 

4.7 

120 

1 05 

1.26 

7 

1,124 

1 56 

17.5 

360 

1.46 

5,3 

157 

0.92 

1.4 

S 

3,418 

1 45 

49.5 

850 

1 43 

12 2 

379 

0.93 

3.5 

9 

822 

1.48 

12 2 

504 

1.38 

6.9 

115 

0.97 

1.1 

10 

3,926 

1 81 

71 0 

1,148 

1.37 

15.7 

485 

0 92 

4.5 

11 

3,642 

1.66 

60.5 

874 

1.37 

12.1 

374 

1 0 91 

3.4 

12 

3,082 

1.71 

52.7 

932 

1 47 

13.7 

307 

1 0.92 

2.8 

13 

2,479 

1.49 

36.9 

759 

1.35 

10.2 

360 

0.96 

3.5 

14 

943 

1.61 

15.2 

437 

1.25 

5.5 

157 

1.01 

1.5 


phenol-di-sulfonic acid method, alum and saturated lime-water being used as 
the flocculating agents. The nitrate nitrogen was calculated in pounds per 
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acre 2 feet, based on 4,000,000 pounds per acre foot. The determinations 
seldom showed more than 6 pounds of nitrate nitrogen in the second foot, 


TABLE 5 

Nitrogen applied in manure and that recovered from it by the barley crop 


PLOT 

NUMBSl 

NITROGEN APPLIED IN MANURE 

TOTAL 

NlTROr.EN 

IN BARLEY CROP 

NITROGEN RECOVERED 
FROM MANURES 

Urine 

nitrogen 

Ammonia 

nitrogen 

Total 

nitrogen 

Of urine or 
NH.-N 

Of total 
nitrogen 


pounds per acre 

pounds per acre 

pounds per acre 

pounds per acre 

per cent 

per cent 

1 




23 4 

.... 


2 


72.5 

137.1 

81.0 

80.2 

42 4 

3 


71 4 

135.1 

76.0 

74 6 

39 4 

4 


70.4 

‘ 133.2 

66.1 

61.5 

32.5 

5 


69.3 

131.2 

91.0 

98 5 

52.0 

6 



136 0 

23 6 


0.6 

7 



171.1 

24 2 


0 8 

8 

61.75 


61.75 

65.2 

68 7 

68 7 

9 



59.0 

20 2 



10 

65.3 


125.1 

91 2 

104.7 

54.7 

11 

66.4 


141.5 

1 76 0 

80.2 

37 6 

12 

67 25 


143 5 

t 69.2 

69 0 

32 3 

13 

72,6 


151.7 

50 6 

38 0 

17 7 

14 




22 2 




TABLE 6 

The effect of manure on the tillering of barley 


PLOT NUMBER 

j 

PLANTS PPJB SQUARE FOOT j 

i 

TILLERS 

Ter square foot 

Per plant 

1 

16 

24.0 

1.5 

2 

li.5 1 

44.5 

3.3 

3 

16,5 

48 0 

2.9 

4 

15.5 1 

40.5 

2.6 

5 

16.5 

60.0 

3.6 

6 

13.5 

19.0 

1.4 

7 

15.5 

21.5 

1.4 

8 

12.5 

42.5 

3.4 

9 

12.0 

17.0 

1.4 

10 

17.5 

52.0 

1 3.0 

11 

14.5 

43.0 

3.0 

12 

15.0 

41.0 

2.7 

13 

16.5 

41.0 

2.5 

14 

13.5 

17.0 

1.3 


indicating that there was j)ractically no leaching of nitrate during the experi- 
ment. One possible exception to this was plot 8, where the urine alone was 
used. In this case 13.6 pounds of nitrate nitrogen was found in the second foot 
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at the first sampling, which seemed to indicate leaching of the nitrogen in the 
urea stage. Table 3 gives the nitrate nitrogen in pounds per acre, 2 feet, at the 
various sampling dates. 

The barley was harvested on June 29. At this time it was fully headed. 
The crop from the entire plot (20 sq. ft.) was dried, weighed, ground, and 
sampled for nitrogen determination. The soil from two rows of barley each 
2 feet long (2 q. ft), and 8 inches deep, was carefully removed from each plot 
and the roots and stubble washed out. When the roots and stubble were 
partially dry all foreign matter was carefully removed and the fibrous roots 
separated from the stubble. Both were dried, weighed and ground for analysis. 
The amounts of nitrogen were determined in the tops, roots, and stubble, and 
the proportions of the manure nitrogen recovered by the barley calculated. 
The number of plants to the square foot and the tillers to each plant for each 
plot were determined. These data are given in tables 4, 5, and 6. 

DISCUSSION 

The recovery of nitrogen from the manure in this work varied from nothing 
in case of the dung and artilicial manures to over half the total or all of the 
ammonia or urine nitrogen in cases of the top-dressed fermented complete 
manure and the fresh urine-dung mixture. (There are several factors which 
seem to influence the availability of manure nitrogen. Among these may be 
mentioned; the ratio of ammonia or urea nitrogen to the total, the proportion 
of bedding or energy material in the mixture, and the methods of handling) 
'rhe last factor would include storage, w'hether fresh, ammonified, or completely 
fermented and also methods of application, whether top-dressed or plowed 
under, or whether allowed to dry or worked in immediately after spreading. 

Table 5 shows that jS'here the (complete manure is top-dressed )and disked in 
(at once and w^here the dung and urine arc plowed down at once, all of the 
ammonia or urine-nitrogen is recovered in the barley.] (Both complete fresh 
manure and complete fermented manure when plowed under at once give a 
recovery of 80 per cent of the soluble nitrogen.) With the fermented manure, 
plowing down reduces the recovery 18 per cent as against top-dressing; Two 
factors may have operated here to give these results. ' The shallower incorpora- 
tion places and holds the soluble nitrogen in the zone of the young plant roots 
so that the plant is able to obtain its nitrogen earlier! The top-dressed plot 
showed this to a marked degree from the earliest growth period. In the second 
j)lace, the shallower incorporation is more conducive to nitrification earlier in 
the season because of the higher temperature and better aeration. This 
is shown by the nitrate curves in figure 2. The nitrate curve for the top- 
dressed manure is from 2 to 5 da)'s aliead of the curve for the plot where the 
manure is plowed down at once, and this condition was reflected in the crop 
from the early seedling stage, /the addition of fresh straw gives even a greater 
depression than plowing down the fermented manure. This depression is 
caused by the growth of soil microorganisms as a result of the increased amount 
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of readily available energy material. This biological activity brings about a 
slowing up of nitrate accumulation during the tillering and early jointing stages. 

The ^lepression in nitrogen recovery, caused by the drying of the manure 
after spreading in the field, is probably due to the volatilization of ammonia 
nitrogen,) and the amount of the depression depends upon the previous han- 
dling of the manure and the amount of drying to which it is exposed. In case 
of the fermented manure, days’ drying depresses the recovery 19 per cent, 
but4?hen this manure is spread immediately before a ^-inch rain, the depres- 
sion is only about one-third of this amount. > The depression from the drying of 
fresh manure is only about one-half that of the fermented manure, i In the case 
of the fresh manure, the nitrogen is in the form of urea with less chance of loss 
by volatilization.) The depression in case of the fresh manure is no doubt due 
to the loss of ammonia formed during the drying process. Where the fresh 
manure is allowed to stand for three days and ammonify and is then sub- 
jected to drying for days after being spread, only about 38 per cent of the 
nitrogen in the liquid manure is recovered in the crop. Thejjj^eater loss in 
case of the freshly ammonified manure in comparison with the fermented man- 
ure's accounted for by the fact that the nitrogen in the former is largely in 
the form of ammonium carbonate, whereas in the latter case, part of the nitro- 
gen is held as the ammonium salts of volatile organic acids such as acetic and 
butyric. As the salts of these acids, the ammonia is less volatile than as the 
carbonate and hence the loss is slower in the fermented than in the freshly 
ammonified manure. 

There is practically no recovery of the nitrogen in tlie artificial manures, 
although they contained as much nitrogen or more than the animal manures 
and were in a well-rotted condition. The fresh dung, even when used alone, 
gives a depression below the controls. Practically all of the nitrogen in these 
manures is in the organic form and they also contain enough carbonaceous 
energy material to depress the recovery-' of any available nitrogen that may be 
present. This is particulally true of the dung. It is rather strange to note 
that the nitrogen from the liquid manure, when used alone, is recovered only 
to the extent of 68 per cent, but when used in conjunction with dung, which 
gives a depression, the recovery is raised to 104 per cent of the liquid manure 
nitrogen. This apparent discrepancy may be explained by leaching. Nitrate 
determinations on the liquid manure plot indicate that there is considerable 
leaching of the urea nitrogen apparently before it has a chance to change to 
ammonia. In this particular case at a very early date a large quantity of 
nitrate nitrogen was found in the second foot. When the liquid manure is 
used in conjunction with dung it is held more or less mechanically in the sur- 
face soil so that the plant is able to utilize more of the nitrogen at an early date. 

Nitrate relations. A study of the nitrate curves in figure 2 in relation to 
crop growth and the availability of manure nitrogen is very interesting. The 
four plots on whicli fermented manure was used fall into two pairs, according 
to the nitrate curves, the tw'O which were allowed to dry after spreading and 
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the two worked into the soil at once. Of the two worked in at once, the top- 
dressed plot is the higher in the seedling and tillering stages. Plowing down 
slows up the nitrification rate during these stages of growth and causes a 


TABLE 7 

Rainfall for Aprils May^ afid June^ 1929 ^ (U Madison, Wisconsin 


DAY 

APSIL 

MAY 

JUNE 


inches 

inches 

inches 

1 

0.31 ! 

T 

0 

2 

T 

0 

0 

3 

0 

0 

0 

4 

0.01 

0 

0 

5 

0.02 ‘ 1 

0 

T 

6 

1.09 

0 

0 

7 

T 

0 

T 

8 

0 

0 02 

0 

9 

0 

0 

0 

10 

0 27 

0.44 

0 

11 

0 45 

0 17 

0 34 

12 

T 

0 

T 

13 

0 

0 

0 36 

14 

0 

0.11 

0.03 

15 

0 

0.05 

0 

16 

T 

0 

1 97 

17 

T 

0.06 

T 

18 

0 

T 

0.98 

19 

0 20 

0 

0 05 

20 

0 03 

0 

0 

21 

0 

0 

0 

22 

o' 

T 

T 

23 

1 ^ 

0 35 

T 

24 

0.41 

0 

0.05 

25 

0 74 

0 

0.07 

26 

0 

0.03 

0.04 

27 

0.53 

0 05 

0,45 

28 

0.02 

0 

0 

29 

0.10 

0.03 

0 

30 

0.11 

0 

0.01 

31 


0 



T « Trace. 


lesser amount to be recovered by the barley, although the nitrate nitrogen on 
this plot is higher at a later date. The nitrates for the two plots where the 
manure is dried are again parallel, with the one which received rain always 
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higher and at the same time giving the greater recovery. This is because of 
the lesser loss of nitrogen on drying after the rain. The shape of these curves 
is significant. The rise during the seedling and tillering stages is slower than 
where the manure is worked in without drying. The drop coming during the 
late tillering and early jointing stages may be caused by the growth of higher 
soil fungi which seem to show up at about this time. During this period 
these organisms are using the energy material of a cellulose nature in the man- 
ure and at the same time using the nitrogen more rapidly than nitrification is 
going on. Later in the season the nitrate curves on these two plots take an 
upward trend after the rains of June 16 and 18. Better conditions for nitri- 
fication, due to moisture, coming perhaps on the downward growth curve of 
the higher soil fungi, may be responsible for this upward trend, but coming 
so late in the life of the plant, it is of little benefit. The effect of the growth of 
the higher soil fungi may be seen in the top-dressed plot. During the last two 
weeks, fruiting bodies of Slropharia semiglohota and a species of Ncctria ap- 
leared in abundance and at the same time there was a downward trend in the 
nitrate curve. 

In each of these four plots the earliest point in the nitrate curve where the 
amount of nitrate nitrogen corresponds to the amount of nitrogen recovered by 
the barley, falls some place during the tillering period. It seems also that the 
earlier this comes, the greater the amount of nitrogen is recovered in the crop. 
On the control and plot 13 (ammonified and dried) the nitrate curves are low 
during the seedling and tillering stages and this point comes late in the jointing 
stage with a low recovery of the nitrogen app)lied. On the other hand, fresh 
urine alone gives a high nitrate curve early in the seedling stage of the plant, 
with a low percentage recovery, partially due perhaps to leaching of urea- 
nitrogen and y)artially to the bulk of the nitrates coming too early in the period 
of plant growth, I"rom these data it appears that there is a relation between 
the shape of the nitrate curv^e and the growth of f)lants and their utilization 
of nitrogen. If the rise comes too early or before the late seedling and tiller- 
ing stage, there is a tendency for leaching losses to take i)lace. If, on the other 
hand, the nitrate curve rises slowly and is low during the seedling and tillering 
stages, the plant j)asses its stage of most active nitrogen assimilation and the 
result is a low }'ield and a low nitrogen assimilation. A nitrate curve similar 
to that of plot 5 seems to be the one most conducive to maximum nitrogen 
assimilation and to maximum plant growth, and this curve perhaps approached 
more nearly the growth curve of the plant than any of the others. It would 
follow then that \t he nitrate curve which most nearly conforms to the growth 
curve of the plant during its early stages, both in regard to time and amount 
of nitrate accumulation, is the one whicli is the most likely to produce the maxi- 
mum plant growth.j(^From a practical standpoint the curve^in figure 2 ’show 
that manure should be plowed under a week or two earlier than it is top-dressed 
and for the best results the liquid manure should be applied after the crop is up"; 

\Thc kind and amount of the material tised as bedding are important fac- 
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tors in the availability of manure nitrogen. | Table 5 shows that the addition 
of 6 per cent by weight oft^straw to the liquid^and solid manure mixture reduces 
the availability of the liquid manure nitrogen over 20 per cent. ^Wood shaving 
used as an absorbent are even more detrimental than straw. The depressing 
effect of these substances is due to the use of ammonia and nitrate nitrogen by 
soil fungi, which at the same time use certain carbonaceous materials in the 
straw or shavings as energy for their growth. iNiemeycr (8) has shown that 
the use of peat as an absorbent has two distinct advantages over straw or 
shavings: First, it is a better absorbent and more of the liquid manure is saved 
and applied to the field, and, second, there is very little energy material in the 
peat for the growth of soil fungi and as a result the depressing effect from this 
source is largel> eliminated."^ 

It is very possible that the percentage recoveries reported in this paper will 
hold true only for manures of a similar ratio of soluble to insoluble nitrogen. 
It is also very likely that a given amount of energy material of a cellulose 
nature will use a given amount of soluble nitrogen and not a percentage of the 
amount present. In cases of low water-soluble or ammonia nitrogen it is just 
possible that all of it may be used by the soil micro(^rganisms and none re- 
covered by the plant. 


SUMMARY 

A field study of the availability of the nitrogen in cattle manure was made 
with spring barley and the following points seem to be outstanding: 

The amount of nitropen recovered in Ihc barley crop was never greater than the amount 
of ammonia or liquid manure nitrogen applied. Ihe results indicate that only the ammonia 
or liquid manure nitrogen is available for the first crop after the manure is applied to the soil. 
Little if any of the water-insoluble nitrogen in the manure is recovered in the first crop. 

When liquid manure is applied alone Iwfore the crop is seeded, the recovery is less than 
when applied in conjunction with tlie dung. This difference seems to be due in part to leach- 
ing of the urea before its change to ammonia. If liquid manure is to be used alone it is perhaps 
best applied to the growing crop and worked into the soil at once. 

Complete manure turned under immediately on spreading gives a recovery of 80 per cent of 
the urea or ammonia nitrogen which it contains. There is no difference in the availability of 
nitrogen between the manure fermented in storage and the fresh manure when they are turned 
under immediately on spreading. 

Top-dressing gives a higher availability than plowing down. The nitrification of manure 
top-dressed and disked in is more rapid than when it is plowed under. 

Measured in terms of non-recovery, the greatest loss of nitrogen in spreading manure and 
allowing it to dry or partially dry before being plowed under, occurs with manure which has 
ammonified but not fermented. The next greatest loss is from the completely fermented 
manure. The fresh manure gives a still smaller loss under these conditions, and where the 
fermented manure is spread just previous to a rain the loss from drying is not more than a 
few per cent. The better the conditions for drying and the greater the proportion of the 
nitrogen in the form of ammonium carbonate, the greater the loss of nitrogen in handling, 
spreading, and subsequent drying. 

The addition of straw to manure decreases the amount of nitrogen recovered in the first 
crop. Six per cent of straw used as bedding in the manure reduced the recovery more than 
20 per cent. 
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Conditions which give a nitrification curve most similar to the growth curve of the plant 
and furnish sufiicient nitrogen for rapid growth during the seedling and tillering stages, are 
most conducive to high yields and the greatest recovery of manure nitrogen, 
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PLATE 1 

Barley Growth as Affected by Various Fertilizer Treatments 

Fig. 1. Barley on the control, no manure or nitrogen added. 

Fig. 2. Barley from 12 tons an acre of artificial manure made from straw by the use of 
ammonium sulfate, and plowed down immediately after being spread. 

Fig. 3. Barley from 12 tons an acre of complete fermented manure, plowed down im- 
mediately after being spread. 

Fig. 4. Barley from 12 tons an acre of complete fermented manure, -^allowed to dry in 
the field before being plowed down 
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(3) have pointed out. Like many other organic substances, diphenylamine is 
not very readily oxidized by chromic acid alone in cold dilute acid solution, 
but if a trace of substance readily oxidized is added, “induced oxidation*' of the 
more resistant substance takes place. Other instances of the same phenom- 
enon and theories explaining it are given by Lang and Kurtz (4). Another 
objectionable feature is the appearance of a green oxidation product instead of 
the blue indicator substance. This is especially likely to happen when di- 
phenylamine is added to a solution containing excess chromic acid. In these 
respects also, the trouble is much reduced by addition of phosphoric or hydro- 
fluoric acid, and by limiting the amount of diphenylamine added to the solu- 
tion. Two or three drops of a one-half per cent solution is ample for the 
production of an intense endpoint in a 200-cc. volume, and more is undesirable. 

Extended experience in the determination of organic matter by the chromic 
acid oxidation method under discussion has indicated that it is not at all neces- 
sary to prepare the solution of dichromate in concentrated sulfuric acid as 
originally specified, although it is desirable to do this if many determinations 
are to be made at the same time. Very good results are obtained by weighing 
out the proper amount of pure potassium dichromate, previously pulverized 
and dried, transferring it to the test tube, adding the sample, and finally wash- 
ing down the walls of the tube with 10 cc. pure sulfuric acid, and heating at once. 
This is a useful expedient in the examination of samples high in organic matter, 
as the usual 0.5-gm. sample may be used with sufficient oxidizing agent and 
only the usual amount of acid. By this procedure also, one is able to deter- 
mine both the blank and titer of a partially deteriorated ferrous ammonium 
sulfate solution, still of sufficient strength to be usable. In this case, potassium 
dichromate is the primary standard; it is well adapted to the purpose, as it is 
easily obtained in pure form, is anhydrous and non-hygroscopic. The equiva- 
lent of 1 cc. 0.2 N solution is 0.009807 gm., equal to, 0.0006 gm. carbon or 
approximately 0.(X)12 gm. organic matter. For the determination of organic 
matter in a 0.5-gm. sample of average soil, the equivalent of 20 cc. 0.2 N solu- 
tion, 0.1961 gm. KaCr-^O: may be used. The weight of the salt taken may be 
varied as required, within rej|,sonable limits. 

It is recommended, therefore, that the procedure for determination of organic 
matter in soil originally described be amended as follovrs: Proceed as originally 
directed, or according to the modification suggested in the last paragraph, or 
one of the procedures described by Degtjareff (1), up to the point at which the 
solution is transferred to a beaker for titration. Dilute with recently boiled 
and cooled water, to at least 10 but not more than 15 times the volume of con- 
centrated sulfuric acid present, and cool. To this solution add, in volume equal 
to half that of concentrated sulfuric acid in the solution, either 85 per cent 
phosphoric acid or 48 per cent hydrofluoric acid or the approximate equivalent 
of the latter in powdered sodium fluoride, i.e., 5 gm. NaF for 10 cc. concentrated 
sulfuric acid. Add two or three drops of diphenylamine indicator solution and 
titrate with standard ferrous ammonium sulfate solution to total disappear- 



486 


C. J. SCHOLLENBERGER 


ance of blue from the green solution. Deduct the burette reading from that of 
a blank titration conducted under precisely similar conditions except that no 
sample is used, and from the number of cubic centimeters of iron solution 
equivalent tQ organic matter in the sample calculate the amount present. 
One cubic centimeter 0.2 N ferrous ammonium sulfate solution is equivalent 
to approximately 0.25 per cent organic matter in a 0.5-gm. sample, or 2.5 tons 
in an acre. 
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Many students of soils who have had extensive training in some of the more 
advanced lines, such as classification, hydrogen-ion determination, base ex- 
change and colloidal characteristics, have been found very deficient in the abil- 
ity to rate soils in the fields, either for their own benefit or for that of farmers, 
apfiraiscrs, or loan companies. This is believed to be partly because they have 
forgotten most of what they learned in the days when they made mud pies, 
dogs, and fences out of “dirt” and also because in later years they have been 
afraid of getting their hands dirty with mud or probably they have thought it 
useless to attempt to study a soil by its “feci.” 

Soil, from a technical standpoint, is a complex combination of compounds 
and it is dirficult to rate many soils properly even with the help of refined in- 
struments. There are certain characteristics of an elementary nature, however, 
the knowledge of which can be readily acquired by practice, although com- 
paratively few people have succeeded in mastering field judging. 

The writer was agreeably surprised .some time ago at the thoroughness with 
which a certain farmer who had had little “book learning” had developed by 
practice when {fiowing and wliile the team was resting, the ability to detect 
differences in the texture, structure, color, and plasticity of the soils in various 
places and also to tell their influence on the tilth, water-holding capacity, and 
fertility of a certain rented farm. He had platted the locations of the changes 
in surface and subsoil conditions over the 110 acres. He would estimate tlie 
organic matter and test the “feel” to find sand particles by their grittyness and 
count the stones in each handful of soil. He estimated the silt by its floury feel, 
w'hen dry and also noted that clayey material is rough and harsh when dry, 
and sticky and capable of being modeled when it is wet. He took much inter- 
est in making such molds as his fancy might suggest. The interest and enthus- 
iasm in field studies of this tiller of the soil have been somewhat contagious 
and the writer has had some of the students interested in soils trying their skill 
in rating known and unknown soils. They, too have caught the spirit and have 
developed enough interest to make some very creditable molds. Several of 
them are shown in plate 1. The students soon found that some soils are too 
sandy or too grainy to stick together well, or if they stick together at first 
they will fall apart when dry. Some that did stay together were often too fri- 
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able to outline any distinctive facial features. Plate I shows that in the center 
model, the soil particles are large enough to be apparent to the eye, whereas in 
the largest one the soil grains are very fine. The mold is smooth and hard now, 
but was very plastic when wet. In the smallest model there are fairly equal 
amounts of sand and clay; it was made from a well-recognized loam soil which 
neither molds well nor has a smooth finish. 

There is a growing need and desire on the part of those interested in land to 
learn the field characteristics of soils and their meaning in terms of “good,” 
“medium,” and “poor,” so that it may be possible to predict how the soil will 
stand a drought such as was experienced last year or how well it will drain off 
the excess water which was so serious a question two years ago. If the farmer 
has this information he will be able to prepare early for his spring crops. 

Mechanical analyses of soils are necessary for the more detailed study of soil 
properties, but they are tedious to carry out (except by the hydrometer 
method). Hence, they are not much help to the man who does the plowing 
and who is financially concerned with drought and excess rainfall on the piece 
of land he has rented for the year. It has been found possible in a few cases by 
practice with a quart or more of soil from each of about two dozen samples, to 
develop considerable skill in detecting shades of differences in sand, silt, and 
clay. This requires no more practice than is needed to pitch a good game of 
horse shoes. 


' PLATE 1 

Models Made from Soils 

Left — from Miami surface soil; center — ^from Bainbndgc subsoil; right — from surface soil 
ol Clermont type. Photo by Dr. E. J. Kohl. 
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